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ABSTRACT 
 
Renal cell carcinoma (RCC) is a heterogeneous group of tumors with at least 10 compounds 

approved for the treatment of metastatic disease. Unfortunately, there is a large interindividual 

variability in the response to these drugs, and no molecular criteria exist to guide treatment. In 

the case of mTOR inhibitors, these drugs are effective in a subgroup of patients, but the molecular 

mechanisms causing the different sensitivity are unknown. 

The main objective of this thesis was the discovery of RCC molecular alterations able to predict 

sensitivity to mTOR inhibitors, helping to personalize the treatment of patients with renal cancer. 

For this purpose, cases with extraordinary responses and large series of metastatic patients 

treated with mTOR inhibitors were studied. In addition, we explored whether the alteration of 

mTOR pathway could be proposed as a potential therapeutic target in chromophobe RCC. 

First, we studied two RCC patients with exceptional temsirolimus responses. Whole exome 

sequencing of the primary tumors and metastatic lesions unveiled clonal mutations in MTOR and 

TSC2, able to activate of mTOR pathway, and which could explain the extreme sensitivity of these 

tumors to therapy. 

Second, we characterized a series of more than 100 RCC patients treated with mTOR inhibitors, 

by sequencing MTOR, TSC1 and TSC2 and by performing immunohistochemistry (IHC) of PTEN, p-

S6K1 and p-S6. This study showed that mutations in these genes and negative staining of PTEN 

were associated with better response to mTOR inhibitors. 

Third, we carried out a molecular characterization of 92 RCC chromophobe patients by next 

generation sequencing and IHC. Among other results, we showed that mutations in mTOR 

pathway are common in this tumor and that they are associated with a poor survival, suggesting 

that these patients with aggressive tumors may benefit from mTOR inhibitor therapy. 

Fourth, sequencing the whole exome of three chromophobe RCC cases highly sensitive to mTOR 

inhibitors, uncovered USP9X as the only mutated gene shared among the tumors. USP9X 

silencing in cellular models recapitulated mTOR inhibitor sensitivity in the patients and an 

unbiased ubiquitylome analysis revealed p62 as a direct USP9X substrate able to alter autophagy 

regulation and that synergized with mTOR pathway inhibition.  
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RESUMEN 

El carcinoma de células renales (CCR) es un grupo heterogéneo de tumores para el que existen al 

menos 10 compuestos aprobados para el tratamiento de la enfermedad metastásica. 

Desafortunadamente, existe una gran variabilidad interindividual en las respuestas a estos 

fármacos y no hay criterios moleculares que guíen el tratamiento. En el caso de los inhibidores 

de mTOR, éstos son efectivos en un subgrupo de pacientes, pero no se conocen los mecanismos 

moleculares que expliquen la distinta sensibilidad de los tumores.  

El objetivo principal de esta Tesis fue el descubrimiento de alteraciones moleculares en el CCR 
que puedan predecir la sensibilidad a los inhibidores de mTOR y así ayudar la personalización del 
tratamiento de los pacientes con cáncer renal. Para ello se estudiaron casos con respuestas 
extraordinarias y amplias series de pacientes tratados. Además, estudiamos si la alteración de la 
vía de mTOR podría proponerse como una posible diana terapéutica en el CCR cromófobo.  
 
Primero, estudiamos dos pacientes con CCR y respuestas excepcionales a temsirolimus. La 
secuenciación completa del exoma de los tumores primarios y lesiones metastásicas desveló 
alteraciones clonales en MTOR y TSC2, activadoras de la ruta de mTOR y que podían explicar la 
sensibilidad extrema de estos tumores a la terapia.  
 
Segundo, caracterizamos una serie de más de 100 pacientes con CCR tratados con inhibidores de 
mTOR, mediante la secuenciación de MTOR, TSC1 y TSC2 y tinciones de inmunohistoquímica 
(IHQ) de PTEN, p-S6K1 y p-S6. Este estudio demostró que las mutaciones en estos genes y la 
tinción negativa de PTEN se asociaban con una mejor respuesta a los inhibidores de mTOR.  
 
Tercero, llevamos a cabo una caracterización molecular de 92 pacientes de CCR cromófobo 
mediante secuenciación masiva e IHQ. Entre otros resultados, demostramos que las mutaciones 
en la ruta de mTOR son frecuentes en este tumor y que se asocian a una baja supervivencia, 
sugiriendo que estos pacientes con tumores agresivos podrían beneficiarse de los inhibidores de 
mTOR. 
 
Cuarto, al analizar mediante secuenciación de exoma completo 3 pacientes con CCR cromófobo 

sensibles a inhibidores de mTOR, descubrimos USP9X como el único gen mutado en común entre 

los tumores. El silenciamiento de USP9X en modelos celulares reprodujo la sensibilidad a los 

inhibidores de mTOR en los pacientes y un análisis global del ubiquitinoma reveló p62 como un 

sustrato directo de USP9X, capaz de alterar la regulación de la autofagia con un efecto sinérgico 

con la inhibición de la ruta de mTOR. 
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INTRODUCTION 

1.- Cancer.  
 
Global statistics and associated risk factors. Cancer is a complex disease driven by genetic 
alterations and shaped by environmental factors such as diet and habits, all influenced by 
demographic, economic and societal factors. Cancer incidence estimations rise to 18.1 million 
new cases worldwide, being the first or second most common cause of death in most countries. 
The International Agency for Research on Cancer – World Health Organization (IARC-WHO) 
estimates an increasing cancer incidence, with up to 27 million new cancer cases per year in 2040. 
Therefore, cancer is a major concern for public health systems ((Bray et al., 2018); Seventieth 
world health assembly, 2017). Currently in Europe, almost 4 million new cases and 1.9 million 
cancer deaths occur each year, which makes cancer the second most important cause of death 
and morbidity in our continent. One in four new cancer diagnosis in the world belongs to Europe. 
Moreover, the socio-economic conditions on health affects incidence, prevalence and mortality 
of cancer, and a recent standardized prospective study points out that cancer will become the 
first cause of death in high income and some upper/middle income countries in the near future 
(Dagenais et al., 2020).  
 

2.- Renal Cancer. 
 

  2.1. Introduction to renal cancer.  
Renal cancer envelopes a heterogeneous group of tumors, 90% of which arise from the renal cell 
epithelium and the remaining 10% are originated in the renal pelvis (Chow, Dong and Devesa, 
2010). According to the data from the IARC-WHO in the latest Globocan study, it is estimated 
that in 2018 there were 403.262 new renal cancer cases and 175.098 deaths, being the 14th 
cancer in incidence and the 16th in mortality around the globe. Approximately, two in three 
kidney cancers occur in men. In developed countries renal cancer occurrence has increased, with 
the highest incidence in Europe (Medina-Rico et al., 2018), followed by North America and 
Australia.  
The vast majority of kidney cancer is sporadic, although hereditary conditions exist. In addition, 
canonical risk factors as smoking, obesity and hypertension (Capitanio et al., 2019) are associated 
to the disease (Medina-Rico et al., 2018). Although kidney cancer has a rising incidence and 
mortality globally, some studies propose a stabilization in recent years (Clèries et al., 2014), 
presumably due to the improvement in diagnostic, clinical management and control of risk 
factors.  
Patients’ overall survival (OS) is highly dependent on tumor stage upon time of diagnosis. In 
addition, the Memorial Sloan–Kettering Cancer Center (MSKCC) defined pretreatment clinical 
features (Karnofsky performance status, time from initial diagnosis to systemic therapy, 
haemoglobin, hypercalcemia and lactate dehydrogenase levels) that combined predicted the 
survival of metastatic RCC. Using this criterion, patients can be classified in good, intermediate 
and poor-risk prognostic groups (Motzer et al., 1999). 
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  2.2. Renal Cancer histologic subtypes.  
The first consensus classification of kidney tumors (Kovacs et al., 1997) laid the foundation for 
renal cell tumors diagnosis based on histology and global chromosomal changes. Later on, the 
World Health Organization (WHO) classification in 2004, the International Society of Urological 
Pathology (ISUP) in 2013 and the WHO classification updated in 2016, reached a comprehensive 
classification of renal cell carcinoma (RCC) subtypes based on morphological, molecular and 
genetic features. Nevertheless, there are cases with mixed histological features that remain 
controversial at diagnostic. In the text below and in Table 1, the most common RCC subtypes are 
described together with the differential histological features and variations in these features 
according to the WHO classification of 2016 (Moch et al., 2016). 
  - Clear Cell RCC. Representing from 70 to 90% of RCC cases, these tumors commonly 
originate in the distal convoluted tubes of kidney poles. Under microscopic examination, they 
exhibit rounded or polygonal cells with clear or eosinophilic cytoplasm, usually with surrounding 
vascularization forming nests.   
  - Papillary RCC. Accounting for 10-15% of cases, these tumors arise from the distal 
convoluted tubes. In this subtype, cuboidal or low columnar cells are grouped in papillary 
formations, with interstitial foam cells in the papillary cores. Psammoma bodies (concentric 
lamellated calcified structures) could appear. Stroma is usually scanty but vascularized.  
 - Chromophobe RCC. Constitutes around 5% of RCC cases, arises from proximal 
convoluted tubes and is formed by pale eosinophilic cells, adopting solid sheets with 
concentration around blood vessels. 
  - Other minority forms such as collecting duct carcinoma, medullary, multilocular or MiT 
family translocations, are described in Table 1. 
 

3.- Molecular alterations in renal cell carcinoma.  
 
Because mutations are the main driver event of cancer origin and evolution, the progress in 
sequencing technologies has greatly contributed to acquire a deeper molecular knowledge of this 
disease. The somatic alterations in normal cells are the origin of pre-malignant lesions, 
predisposing these cells to escape self-control and external signals and allowing them to divide 
and form groups of clonal cells. They will acquire new mutations in a multistep process in a 
heterogeneous way, resulting in subclonal populations with genetic diversity. The darwinian 
evolution of species applied to groups of malignant cells is the basis to track cancer evolution 
(Luzzatto, 2011; Turajlic et al., 2018b) during the acquisition of a malignant phenotype through 
the “hallmarks of cancer”, which include: self-sufficiency in growth signals, insensitivity to anti-
growth signals, tissue invasion and metastasis, limitless replicative potential and sustained 
angiogenesis (Hanahan and Weinberg, 2000). It is also the basis to understand treatment 
response. 
 

  3.1. Genomic technologies and research strategies in cancer.  
After Watson and Crick published the description of the double helix structure of the DNA in 1953 
(WATSON and CRICK, 1953) methods based on protein fragmentation and separation in  
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Table 1. Histopathological classification of most common RCC subtypes according to the World Health Organization 
Classification of Tumors (2016). 

Subtype Differential Haematoxilin & Eosin Special/Chromosomic changes 

Clear cell 
 

Clear or eosinophilic cytoplasm, commonly filled with 
lipids and glycogen, with marked membranes. Round 
nuclei with evenly distributed chromatin.  
Additional: Diverse architecture, with solid, alveolar 
and acinar patterns. Most associated with little 
inflammatory response 

Contains regular network of small blood vessels.  
Uncommonly with distinct tubular pattern. 
Sarcomatoid changes in 5%. 
Common copy number alterations: 3p deletions, 5q gain 

Papillary 

Papillary or tubule-papillary architecture. Malignant 
epithelial cells forming varying proportions of papillae 
and tubules. 
Additional: Necrosis and haemorrhage is frequently 
seen. Haemosiderin granules may be present in tumor 
cells. 

Two morphological types: 
Type 1. Papillae covered by cells with nuclei arranged in a 
single layer on the papillary cores, often with scanty 
cytoplasm. More frequently multifocal. 
Type 2. Tumor cells with nuclear pseudostratification, often 
with higher nucleolar grade, with eosinophilic cytoplasm. 
Sarcomatoid changes 5% in both types. 

Chromophobe 

Cells with prominent membranes, wrinkled nuclei with 
perinuclear haloes, and pale to eosinophilic 
cytoplasm. Cells arranged in a solid sheet-like pattern, 
separated by incomplete, often hyalinized vascular 
septa. 
Additional: Classic type has large pale cells with 
reticular cytoplasm with numerous cytoplasmic 
microvesicles. Eosinophilic variant have smaller cells 
with oxyphilic granularity with abundant 
mitochondria. 

Architectural patterns could show small nests and tubular, 
microcystic, trabecular. Rarely focal papillary areas. 
In contrast to ccRCC, blood vessels thick-walled and 
eccentrically hyalinized. Sarcomatoid transformation occurs. 
Extensively chromosomal losses (-1,-2,-6,-10,-13,-17 and -21). 
Classic and eosinophilic can be mixed in the tumor.  
Sarcomatoid component occurs in 2-8%. 

Collecting 
duct 

carcinoma 

Tumor arising from principal cells of the renal 
collecting ducts of Bellini. Tubular, tubulopapillary or 
tubulocystic tumor, typically with an invasive ductal 
pattern.  
Predominant tubular morphology with desmoplastic 
stromal reaction and infiltrative growth pattern.  
Additional: Cuboidal cells, with pale eosinophilic or 
clear cytoplasm. Nuclei large, vesicular and highly 
pleomorphic with prominent single nucleoli 

Sarcomatoid or rhabdoid transformation is common.  

Medullary 
carcinoma 

Highly aggressive centred on the renal medulla, 
associated with sickle cell trait and related 
haemoglobinopathies. 
Additional: Eosinophilic cells with prominent nucleoli. 

Sheet-like architecture or exclusively rhabdoid.  
Myxoid stromal response associated with a neutrophil-
predominant inflammatory infiltrate. 
Microvasculature typically demonstrates drepanocytes.  

Multilocular 

Entirely composed by numerous cysts. Cysts usually 
lined by a single layer of epithelial cells or lack it. 
Additional: Small, spherical nucleus with dense 
chromatin 

Septa of which contain small groups of clear cells. 
Lining cells may be flat or plump and cytoplasm ranges from 
clear to pale 

MiT family 
translocation 

Characterized by gene fusions of TFE3 and TFE (MiT 
family of transcription factors).  
Xp11 composed of epithelioid clear cells with 
abundant psammoma bodies.  
t(6;11) has nest of larger epithelioid cells and smaller 
cells clustered around basement membrane material.    
Additional: Xp11 and t(6;11) can overlap 
morphologically. 

Tumors associated with Xp11 translocations contain gene 
fusions of TFE3 while those related with t(6:11) translocation 
harbour a MALAT1-TFEB gene fusion. 
40% of paediatric RCCs are Xp11 translocation, whereas 1.6-
4% of adult RCC are Xp11 translocation. T(6;11) are less 
common than the Xp11.  
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chromatography were applied to decode the first nucleic acid sequences. This was followed by 
the rapid development of new technologies such as recombinant DNA, Polymerase Chain 
Reaction (PCR) and informatics assembly of sequences, leading to the parallel sequencing that 
we still use today (Kulski, 2016; França, Carrilho and Kist, 2002); see Figure 1.  
 

   3.1.1. From primary DNA sequencing techniques to next generation sequencing 
technologies.  
In the 70s, two different methods of decoding DNA were developed: the chain-terminating 
nucleotide (Sanger’s method) and the base-specific partial cleavages (Maxim-Gilbert’s method). 
Both methods consisted on sequencing by synthesis, although the first method consisted on 
labeled nucleotides giving arise to terminating of elongation (Sanger, Nicklen and Coulson, 1977) 
and the second was based on labeling terminal nucleotides of fragments produced by restriction 
enzymes. Ten years later, the first Sanger sequencing machines were developed (Smith et al., 
1987). Due to the reliability, simplicity and null radioactivity requirements of Sanger’s method it 
prevailed over Gilbert’s (Kulski, 2016).  
 
During the following decades there were essential technical improvements and cost reductions 
that made possible the birth of the second generation sequencing technology, promoting the 
performance of massively parallel sequencing: automation of previous sequencing phases, 
capillary electrophoresis, performance of processes in an industrial manner, allowing to increase 
the scale of sequencing and reducing costs. The second generation sequencing technology was 
born. In 1999, the pioneer centre TIGR in Maryland had published 337 new human genes and 48 
homologous genes from other species (Adams et al., 1991). In 2001 there were sequencing 
centres producing 10 million bases per day (TIGR in US, Sanger Centre in UK, RIKEN in Japan) and 
were responsible for the production of the complete genomic sequences of some the model 
organisms as Escherichia coli, Saccharomyces cerevisiae, Caenorhabditis elegans and Drosophila 
melanogaster.  
 
The XXI century was initiated with new efforts to improve Sanger sequencing, which finally 
originated the next generation sequencing (NGS), specifically designed to perform parallel 
production of sequences from multiple samples at very high-throughput and at a high degree of 
sequence coverage, to overcome the loss of accuracy of individual reads. NGS mainly consists on 
the following steps: DNA is fragmented without cloning, template libraries for DNA are 
constructed and linked to adapter sequences, and libraries are amplified on a solid surface or 
beads while isolated within miniature emulsion droplets or arrays. Then, incorporation of 
nucleotides is monitored by luminescence or changes in electrical charge during the sequencing 
procedure. NGS generates many millions of nucleotide short reads in parallel in a much shorter 
time than by the Sanger sequencing method. All the information is digital, and quantitative 
studies can be performed ad-hoc. NGS opened the era of multiscale analysis allowing the 
sequencing of whole genome, exome, targeted regions, methylated sequences and 
transcriptome.  
 
In the recent years, the so-called third generation sequencing, or single-molecular sequencing, 
emerged by sequencing single stranded DNA, with no amplification required and based on the 
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native DNA, simplifying the preparatory procedures and sequencing methods. Current platforms 
performing this approach are, for example: Single-molecule real-time (SMRT sequencing) by 
Pacific Biosciences (PacBio) or nanopore sequencing by Oxford Nanopore Technologies (ONT) 
(Ameur, Kloosterman and Hestand, 2019; Eid et al., 2009).  
 

    3.1.2. From targeted gene panel sequencing to whole exome and whole 
genome sequencing.  
Currently, diverse NGS possibilities exist, that can be summarized in three main types of 
sequencing:  
  - Targeted sequencing of gene panels. This approach is based on enriching with custom 
probes directed to the regions of interest those DNA regions that will be sequenced. This option 
limits the study to selected genes (e.g. known causing-disease genes) and usually shows low costs 
and high rates of coverage and depth of reads with manageable amounts of generated data.   
  - Targeted sequencing of the whole exome or whole exome sequencing (WES). About 1-
2% of DNA in the genome encodes for proteins and most diseases with a genetic origin are 
presumably explained by alterations in these coding regions. For this reason, WES could be a 
suitable strategy to study diseases with unknown genetic cause, allowing to uncover new genes 
involved in disease. Moreover, because the sequencing is focused in only the 2% of the genome, 
it usually is performed in a cost-effective manner with higher coverage and depth than 
sequencing the whole genome.  
 - Whole genome sequencing (WGS). With this strategy the entire genome of an individual 
is sequenced. This strategy has been primarily discarded for diseases with known causative 
genes, but it is extensively carried out in research, due to its potential of uncovering structural 
variants, chromosomal rearrangements (inversions, translocations…) and non-coding regions 
variants (e.g. regulatory regions).  
 
In the cancer field, the genomic landscape for many common cancer types has been discovered 
through major international sequencing projects launched in the last decade (e.g. The Cancer 
Genome Atlas). However, subclonal evolution of tumor cells results in genetic heterogeneity and 
to study it, a high depth able to detect variants at low allele frequency is needed. Subclonality 
can also be detected through sequencing multiple samples of the tumor, however, tumor 
material is many times scarce. 
 
Summarizing, there are multiple sequencing options and strategies suitable in research and in 
the clinic. Choosing among them is a matter of balancing between broader knowledge, technique 
costs and time of performance, conditioned by the need to perform research or diagnosis.   
 

   3.1.3. International sequencing projects in cancer. 
The culmination of the human sequencing projects (Lander et al., 2001; Venter et al., 2001) was 
the deciphering of the human genome in 2001, which fueled the shift from gene to genome 
approaches in the exploration of diseases. It encouraged scientists to pursuit cancer genome 
analyses, and laid the groundwork for new discoveries in the field of cancer, giving rise to the 
“cancer genomics era”. As a reflection of the breakthrough, before 2003 only 1% of coding 
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sequences were associated with cancers (Futreal et al., 2004) and translocations were thought 
to be the most common cancer driver alteration.  
The first large cancer-sequencing project was published in 2007 by Johns Hopkins University 
performing WES in 11 breast and colorectal tumors (Wood et al., 2007). In the last 15 years, with 
the human reference genome subjected to continuous improvements and the lowering costs of 
massive parallel sequencing, the development of a set of collaborative, international public or 
private initiatives to collect and sequence tumors around the world, have boosted our knowledge 
in cancer genomic alterations in almost 30-40 different cancer types.  
 
The following international projects have greatly contributed to the knowledge of the human 
genome and cancer, rising up references for understanding cancer and improving therapies:  
 
ENCODE – www.encodeproject.org. This international initiative started in 2003, after the 
completion of the human genome sequencing project, and was funded by the National Human 
Genome Research Institute (NHGRI). The Encyclopedia of DNA elements Consortium (ENCODE), 
aimed to make a comprehensive study of the functional elements of the human genome, from 
protein entities and RNA expression levels, to regulatory elements. The consortium is impulsed 
by scientists funded by the NHGRI since 2011.  
 
COSMIC – https://cancer.sanger.ac.uk/cosmic. The largest repository of cancer somatic 
mutations. The Catalogue of Somatic Mutations In Cancer (COSMIC) was started by the Wellcome 
Trust Sanger Institute (UK) as an international, public and accessible database to store and 
integrate the growing information about mutations in any cancer type. The initiative started with 
4 genes in 2004, and now harbors the entire set of human genes, with almost 6 million mutations 
across 1,39 million of samples in 2019 (Bamford et al., 2004; Tate et al., 2019). Two main sources 
of data are used for COSMIC database: i) original data derived from scientific literature with 
manual curation by experts; ii) systematic screenings from the major cancer data portals and 
supplementary tables associated with curated papers. New releases are set up in a three-monthly 
cycle. In addition, the initiative encompasses new repositories: 
  - Cell Line projects (cancer.sanger.ac.uk/cell lines). Currently it englobes full WES data 
from thousands of cancer cell lines. 
  - Cancer Gene Census (cancer.sanger.ac.uk/census). It comprises the list of genes that 
have been shown to play a role in at least one form of human cancer.    
  - COSMIC 3D.  This initiative aggregates structure data from Protein Data Bank to the 
mutation data, locating mutations in a structural context.  
 
TCGA – https://portal.gdc.cancer.gov/ The National Institute for Health (NIH, US) launched this 
Project with 100 million US dollars as a pilot study in December 2005, after the impulse of the 
National Cancer Advisory Board’s. Since the first study in September 2008 (Network, 2008), The 
Cancer Genome Atlas (TCGA) has been established as the reference for genomic characterization 
of tumor types. It comprises patient cohorts of 33 different primary tumor types characterized 
through a combination of WGS and WES and other multilevel studies including RNA and protein 
expression and methylation. Importantly, non-tumor samples are also characterized, ensuring 

http://www.encodeproject.org/
https://cancer.sanger.ac.uk/cosmic
https://portal.gdc.cancer.gov/
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that the alterations detected are somatic. In total, over 11.000 patients have been sequenced up 
to date.  
 
ICGC – http://Icgc.org. Since its onset in 2007, the International Cancer Genome Consortium 
(ICGC) harbors around 17.000 untreated cancer samples from 76 projects, corresponding to 21 
tumor types. The initiative aims to reach around 25.000 primary tumors, comprising 86 cancer 
projects belonging to 22 cancer types. As a forward step, a novel initiative derived from the ICGC 
has been the Pan-Cancer Analysis of Whole Genomes (PCAWG), a worldwide collaborative 
Project aiming to discover mutation patterns among 60 cancer types. New projects are deriving 
from this effort, as the Medicine Initiative (ICGCmed) and the Accelerating Research In Genomic 
Oncology (ICGC-ARGO), focused on the integration with clinical data (Hudson et al., 2010).  
The accumulating number of somatic mutations detected in cancer, together with 
complementary techniques aimed at detecting additional tumor alterations (i.e. copy number 
alterations, mRNA expression and methylation profiling, protein detection, miRNAs expression), 
provide with a comprehensive catalogue of molecular alterations of many tumor types.  

 
PCAWG - https://dcc.icgc.org/pcawg. As a joint initiative from TCGA and ICGC, Pan-Cancer 
Analysis of Whole Genome (PCAWG) is an ambitious project started in 2018, funded by the NCI 
and the NHGRI, aimed at performing multilayer omics of almost 32 tumor types, the majority of 
them provided by TCGA. 

Figure 1. Timeline of DNA sequencing landmarks and number of scientific publications per year in cancer field. 

http://icgc.org/
https://dcc.icgc.org/pcawg
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In this Thesis, we will focus in renal tumors, for which sequencing studies of the most common 
subtypes have been released by TCGA initiative. 
 

 3.2. Molecular alterations in clear cell RCC (ccRCC).  
 
Sporadic ccRCC. The first study carried out with NGS technologies in ccRCC samples, applied WES 
to ten tumors and matched normal tissue and used targeted sequencing panel of around 1.100 
genes in 88 tumor samples (Gui et al., 2011). VHL, PBRM1, KDM5C and BAP1 were identified as 
the most frequently mutated genes. The TCGA broadened the number of primary ccRCC samples 
to more than 400 (TCGA, 2013). VHL, PBRM1, SETD2, BAP1, KDM5C and MTOR were found 
mutated in 50%, 36%, 13%, 10%, 7% and 5% of tumors, respectively. The driver alteration of 
ccRCC is VHL inactivation, which leads to accumulation of the hypoxia inducible factor (HIF). Thus, 
the pathways frequently altered in ccRCC are mainly those involved in oxygen environmental 
adaptation, while survival analysis revealed a correlation between poor prognosis and pentose 
phosphate shunt, Warburg effect and fatty acid production. In addition, mutations in chromatin 
remodelers, such as PBRM1, SETD2, BAP1 and KDM5C, are also frequent. 
 
Intratumor heterogeneity has been shown to be an intrinsic feature of ccRCC. The first studies 
were conducted by Gerlinger et al performing multirregion exome sequencing of longitudinal 
samples from four metastatic ccRCC patients (Gerlinger et al., 2012). They showed that 
approximately 2 out of 3 somatic mutations were not detectable among every tumor region 
sequenced, demonstrating low number of truncal mutations. More recently, the studies from the 
TRACERx-Renal project (NCT03226886) performed a comprehensive study by multiregion 
targeted gene panel NGS of 100 primary tumors and their metastasis, classifying tumors in 7 
groups depending on the branched evolutionary trajectories (from tumors with multiple early 
mutations to highly branched tumors), associated with rapid or attenuated progression and 
metastasis development (Turajlic et al., 2018b). They observed an early diverse landscape of 
clonal mutations, and confirmed again that VHL inactivation was the most critical event in the 
majority of ccRCC cases.  Regarding copy number alterations, chromosome 3p loss, associated 
with VHL mutation, was found a common early event in ccRCC (Mitchell et al., 2018) , and 9p loss 
was an event selected in metastasis and related with increased death risk (Turajlic et al., 2018a)).   
 
Familial ccRCC. A group of hereditary syndromes are associated with germline mutations in genes 
which contribute to the predisposition of early onset and/or multifocal ccRCC, such as Von Hippel 
Lindau hereditary disease, linked to inactivating mutations in VHL gene (Haas and Nathanson, 
2014). Inherited susceptibility linked to balanced translocations (Eleveld et al., 2001; Foster et 
al., 2007) and germline mutations in BAP1 (Farley et al., 2013; Popova et al., 2013), PTEN (Tan et 
al., 2012), SDHB (Ricketts et al., 2008) and TSC1/TSC2 are also associated with increased risk of 
ccRCC (Dixon, Hulbert and Bissler, 2011). 
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3.3. Molecular alterations in papillary RCC (pRCC). 
 
Sporadic pRCC. The pioneer TCGA study in this histology included 161 primary pRCC (75 type 1, 
60 type 2 and 26 unclassified) and applied WES, copy number alterations, methylation and 
proteomics analyses (Linehan et al., 2016). As result, while in pRCC type 1 MET was found the 
most common mutated gene (17%), type 2 was enriched in CDKN2A alterations (25% in type 2) 
and SETD2, BAP1 and PBRM1 mutations and TFE3 fusions. Later on, a larger study from the Pan-
Cancer project including 291 pRCC tumors revealed an additional set of mutated genes: MET 
(8%), KMT2C (7%), KMT2D (7%), SETD2 (6%), FAT1 (6%) and BAP1 (5%). Regarding copy number 
alteration in genes, CDKN2A/B deletions were present in 7% of pRCC(Ricketts et al., 2018).  
 
Familial pRCC. There are two major hereditary syndromes for pRCC, depending on the gene they 
associate with. Hereditary papillary RCC (HPRCC) is characterized by germline mutations in MET, 
causing familial pRCC type 1 with multi-focal pattern (Zbar et al., 1994; Schmidt et al., 1997) 
Schmidt L et al, Nat Genet, 1997). Hereditary leiomyomatosis and renal cell cancer (HLRCC) is 
associated with FH mutations predisposing to pRCC type 2 development (Gardie et al., 2011), 
frequently solitary and more aggressive form.   
 

  3.4. Molecular alterations in chromophobe RCC (chRCC).  
 
Sporadic chRCC. The first large genomic study performed in chRCC was the one from the TCGA 
with 66 tumor samples (Davis et al., 2014). It revealed that TP53 and PTEN were the genes with 
the highest number of mutations (present in 31% and 9% of tumors, respectively). Indeed, no 
other frequently mutated gene was found, and a low mutational burden for this tumor type was 
unveiled. In 2015, Durinck et al studied 49 chRCC cases and confirmed the high mutation rate of 
TP53 and PTEN (Durinck et al., 2015). During the development of this Thesis another study in 
chRCC enriched in metastatic cases was published (Casuscelli et al., 2017). This study found that 
TP53, PTEN and imbalanced chromosomal duplication (ICD) were characteristic of metastatic 
patients, with a negative impact on overall survival (OS) rates.  
 
Familial chRCC. Birg-Hogg-Dubé and Cowden syndrome patients, related with germline 
mutations in FLCN and PTEN, respectively, are at high risk of presenting chromophobe renal 
tumors (Nickerson et al., 2002; Shuch et al., 2013).  
 

   3.5. Molecular alterations in other minor RCC subtypes. 
 
In the previously cited study from Durinck S et al, a heterogeneous series of non-ccRCC tumors, 
such as unclassified (8), translocation (6) and sarcomatoid (2), were included (Durinck et al., 
2015). In these rare tumors they found mutations in MET, NF2, SCL5A3, PNKD and CPQ. In 2016 
Chen YB et al performed targeted NGS on 62 primary tumors of unclassified RCC subtype with 
aggressive features, revealing as frequently mutated genes NF2 (18%), SETD2 (18%), BAP1 (13%), 
KMT2C (10%) and MTOR (8%)(Chen et al., 2016). 
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Therefore, the different histological subtypes of RCC are also distinct in terms of molecular 
alterations. How these different genomic landscapes impact tumor development and whether 
these alterations could be exploited as therapeutic opportunities in metastatic patients, are 
important research questions.  

4.- Treatments in renal cell carcinoma.  
 
The ancient and most efficient treatment for localized neoplasia is the surgical removal of the 
primary tumor. The first surgical treatment of cancer was performed in 1809 with the removal of 
an ovarian tumor from a patient. The development of general anesthesia by William Morton and 
Crawford Long (Fenster, 2001), together with the principles of antisepsis by Joseph Lister based 
on Pasteur fundaments (Lister, 1867), impulsed surgical interventions in the past century. Surgery 
was the main intervention against tumors until almost 1940, when hormone therapy and 
nitrogen mustard were used for the first time to treat breast cancers and a Non-Hodking 
lymphoma patient, respectively, and constituted the starting point of hormone and 
chemotherapy, systemic treatments. 
 

  4.1. Cancer treatments. 
 

   4.1.1. Surgery.  
Removal of the primary tumor can be considered the first curative cancer treatment. Depending 
on whether tumor is removed completely (complete resection) or not (cytoreductive) these can 
be classified as curative or palliative interventions. Moreover, surgery can be combined with 
adjuvant therapy, which help to manage cancer patients after incomplete resection by surgery, 
or with neoadjuvant therapy, aiming to reduce tumor size before surgical interventions (Wyld, 
Audisio and Poston, 2015). 
 

  4.1.2. Radiotherapy.  
The first step to convert X radiation in cancer treatment was done by Emile Grubbe in 1896, when 
he treated an advanced ulcerated breast cancer patient with X-rays. Two years later, Marie and 
Pierre Curie discovered the radiation emitted by Radium, and suggested the use X-rays to treat 
tumors (Heilmann, 2013). It is considered that modern radiotherapy was initiated in the 1920s. 
In that years, Claudius Regaud and contemporaries showed that dosing radiation could treat 
tumors, because it diminished side effects (Connell and Hellman, 2009). Currently, radiotherapy 
is widely used in some cancers after surgical interventions as neoadjuvant, adjuvant or palliative 
care, in combination of surgery and/or chemotherapy.  
  

   4.1.3. Hormone therapy. 
In 1895, a woman with breast cancer who was subjected to ovarian ablation and survived 4 years 
was the first successful hormone therapy (Beatson, 1896). Hereafter, other cases of ovarian 
ablation showed benefit in breast cancer patients (Beatson, 1911; Lett, 1905) The first androgen 
deprivation in advanced prostate cancer was performed in 1941, through an orchiectomy 
(Huggins and Hodges, 1941). Nowadays, hormone therapy is a therapeutic opportunity for breast 
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cancer patients through ovarian ablation (chemically, radioactively or surgically) or hormonal 
agents (tamoxifen or aromatase inhibitors). In prostate cancer androgen deprivation is 
implemented by surgery (or chemical castration) or other hormonal agents affecting adrenal or 
pituitary production of LH and FSH, interrupting the axis of androgen signaling.  
 

   4.1.3. Chemotherapy 
Since the middle of the past century, an heterogeneous group of compounds were used in an 
attempt to serve as novel cancer systemic treatments. Different evidences impulsed the use of 
these compounds in cancer as therapy. The first drugs used were the alkylating agents, which 
after observations from soldiers that died exposed to nitrogen mustard gas in the World Wars, 
were supposed to cause myelosuppression and hypoplasia. A non/Hodkings lymphoma patient 
was the first to be treated with nitrogen mustard, experiencing a remission, although followed 
by progression (Gilman and Philips, 1946; GILMAN, 1963). Later on, studies in children with acute 
lymphoblastic leukemia found proliferative effects of folic acid vitamin, leading to the creation of 
antimetabolites and purine analogs, promoting the development of folic acid analogs, as 
metabolic inhibitors, such as antifolates (aminopterin and amethopterin), fluoropyrimidines, 
deoxycytidine and purine analogs (6 mercaptopurine or methotrexate) (SKIPPER, 1954; 
HITCHINGS and ELION, 1954; SKIPPER, THOMSON and BELL, 1954). This latter is considered the 
first successful cancer therapy in choriocarcinoma (LI, HERTZ and BERGENSTAL, 1958), and it is 
first adjuvant therapy in combination with leucovorin for osteosarcoma (Jaffe et al., 1974). 
Moreover, it was the first treatment monitored for drug toxicity (Stoller et al, NEJM, 1977).  Other 
important group of drugs are those originally derived from natural compounds as taxanes (e.g. 
paclitaxel) and camptothecins (e.g. irinotecan), approved for ovarian cancer (Goodman and 
Walsh, 2001) and colon cancer (Saltz et al., 2000) respectively.  
 
Currently, chemotherapy includes a wide range of compounds from different origins, and is used 
as frontline treatment or as adjuvant after surgical intervention for some cancer types as breast 
cancer and other hematological cancers.  
  

   4.1.4. Targeted therapy. 
During 1980, in parallel with the genetic and molecular biology revolution, targeted therapies 
were initiated. These drugs were approved with an associated diagnostic test that must be 
positive to receive the drug (Ross et al., 2004). They consist on molecules directed to proteins or 
biological pathways, involved in unregulated processes of cancer cells, that when inactivated, 
cause regression of the tumor. These agents include monoclonal antibodies and small molecule 
inhibitors. Targeted pathways include: angiogenesis (vascular endothelial growth factor –VEGF- 
and its receptors -VEGFR-), growth factor signaling (e.g. endothelial growth factor receptor -
EGFR- and HER2/neu), proteasome pathway or Bcr/Abl protein fusion.  
 
Monoclonal antibodies. Launched by the revolution of hybridoma technology (Köhler and 
Milstein, 1975), the first monoclonal antibody approved was rituximab in 1997, recommended 
for lymphoproliferative disorders. This drug, targeting CD-20, showed killing abilities against B 
cells in monkeys and in patients with B cell lymphoma (Maloney et al., 1994). Trastuzumab, 
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directed towards HER2/neu receptors was the first monoclonal antibody approved for breast 
cancer in 1998. Other relevant monoclonal antibody is bevacizumab, targeting VEGFA, which was 
approved in 2004. In total, more than 25 monoclonal antibodies have been approved by FDA to 
treat different cancer types, most of them are also approved by EMA. 
 
Small molecule inhibitors. Some tumor survival proteins are protein kinases, for which inhibitors 
have been developed and approved for cancer treatments.  
Tyrosine kinase inhibitors. Relevant examples are imatinib (2001), targeting protein fusion BCR-
ABL, which was approved for chronic myelogenous leukemia and acute lymphoblastic leukemia; 
gefitinib, targeting EGFR, for the treatment of non-squamous cell lung cancer (Kris et al., 2003) 
or VEGFR inhibitors, such as sorafenib (VEGFR-2) and sunitinib (VEGFR-1/2) (Ramjiawan, Griffioen 
and Duda, 2017; Bhullar et al., 2018). 
Serine/threonine kinase inhibitors. Temsirolimus and everolimus, inhibiting the 
serine/threonine kinase MTOR, were approved for advanced RCC in 2001 and 2010, respectively 
(Neshat et al., 2001; Hudes et al., 2007; Ansell et al., 2008). Others Ser/Thr kinase inhibitors are 
MEK and BRAF inhibitors, approved for treatment of mutated BRAF V600E melanomas.  
Additional selective inhibitors include proteasome inhibitors (bortezomib and carfilzomib) are 
approved for multiple myeloma and mantle-cell lymphoma patients (Kane et al., 2003; Herndon 
et al., 2013; Kane et al., 2007).  
 

    4.1.5. Immunotherapy. 
The intervention of the immune system to promote detection and removal of cancer cells has 
recently revolutionized cancer therapy (Waldman, Fritz and Lenardo, 2020). Some of the tumors 
in which these agents have drastically improved the survival of patients include melanoma and 
lung cancers. Monoclonal antibodies targeting tumor antigens or T-cell receptors, called immune 
checkpoint inhibitors, have been developed and approved in recent years. Some target CTLA4 
(ipilumumab, approved in 2011 (Zitvogel et al., 2013)) and others PD-1/ PDL1 (nivolumab and 
pembrolizumab) (Vokes et al., 2018)). Sometimes, they are administered in combination with 
each other, showing increased benefit in some trials compared to monotherapy (Mahoney, 
Rennert and Freeman, 2015).  
 
 

 4.2. RCC treatments. 
Once RCC is diagnosed, the first intervention is the nephrectomy, which removes part of the 
organ affected or the complete kidney. If metastasis is developed, systemic treatment is 
required. From the end of the past century until the first five years of the new millennium, RCC 
metastatic patients were treated with interleukins, such as interferon gamma (Yang et al., 1994; 
Dutcher et al., 1997; Negrier et al., 1998). However, response rate was low and toxicities were 
frequent (Fyfe et al., 1995; McDermott et al., 2005). Since 2005, the number of agents approved 
for the treatment of advanced RCC has increased, together with the knowledge of RCC molecular 
alterations and multitude of clinical trials have been performed. Currently, a variety of treatment 
options are available: antiangiogenic drugs targeting Vascular Endothelial Growth Factor (VEGF) 
pathway, mTOR inhibitors or immunotherapies.  



26 
 

 

 
In general, patients with ccRCC and favourable-risk disease receive anti-VEGFR (sunitinib and 
pazopanib) as frontline treatment, probably reflecting high angiogenic tumors (McDermott et al., 
2018). For patients categorized as ccRCC intermediate/ poor-risk disease, the preferred first line 
treatment is ipilimumab plus nivolumab, but in patients suffering autoimmune diseases, 
pazopanib, sunitinib or cabozantinib could be considered. The mTOR inhibitor temsirolimus is 
mainly used in poor-risk patients or as second/ third line therapy (Kotecha, Motzer and Voss, 
2019).  
 

   4.2.1. Antiangiogenic drugs. 
In the 70s Folkman and others proposed that angiogenic molecules could be secreted by tumors, 
which promoted the development of the first antiangiogenic drugs (Folkman, 1971). Discoveries 
of the genetic alterations in cancer revealed that hypoxia pathway and angiogenesis were 
frequently altered in RCC, especially in the clear cell subtype. Bevacizumab, a monoclonal 
antibody targeting VEGFA, was shown to have antitumor activity, and its synthesis was followed 
by the development of sorafenib, the first VEGFR inhibitor (Clark et al., 2005) which brought 
improvements on the outcome of ccRCC patients (Gore et al., 2015). Hereafter, other VEGFR 
inhibitors were developed and approved: sunitinib (2006), pazopanib (2009), axitinib (2012), 
cabozantinib (2016) and lenvatinib (2016). Currently, while only sunitinib (Motzer et al., 2007; 
Motzer et al., 2009) and pazopanib (Sternberg et al., 2010; Sternberg et al., 2013)) have been 
approved for first line treatment, the other VEGFR inhibitors are indicated for second lines.  
 

   4.2.2. Immunotherapy.  
The emergence of immune checkpoint inhibitors in clinics improved RCC management with the 
approval of nivolumab (anti PD-1) (Motzer et al., 2015a) and ipilimumab (anti CTLA4). ccRCC 
patients with intermediate or poor prognostic risk scores are recommended for the combination 
of ipilimumab plus nivolumab in first line, which have showed in this setting an OS and overall 
response rate (ORR) higher than sunitinib (Motzer et al., 2019)  
 
  

  4.2.3. mTOR inhibitors. 
In 2007 the FDA approved temsirolimus as the first Inhibitor of mTOR pathway to treat advanced 
RCC (Hudes et al., 2007) (NCT00065468). Later on, everolimus with a dosage of 10mg, daily was 
approved to treat advanced kidney cancer based on the RECORD/1 phase III clinical trial (Motzer 
et al., 2008) (NCT00410124). Temsirolimus, weekly administered at 25mg, is approved as first-
line treatment for patients with poor-prognostic risk scores (around 20% of cases) (Hudes et al., 
2007). On the other hand, everolimus, orally administered, is approved for second-line in patients 
experiencing progression under sunitinib, sorafenib or both treatments (Motzer et al., 2008; 
Motzer et al., 2010b). In addition, phase 2 clinical trials comparing sunitinib versus everolimus in 
patients with non-ccRCC subtypes (Motzer et al., 2014; Tannir et al., 2016; Armstrong et al., 2016) 
showed longer progression free survival (PFS) for sunitinib arm, although an specific benefit in 
everolimus arm was seen for chromophobe subtype, regarding PFS and ORR. 
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   4.2.4. Combinations. 
Acquired resistance frequently occurs in RCC, therefore, dual treatments with agents have been 
explored. For everolimus and bevacizumab combination no increased efficacy but increased toxic 
effects were detected (Négrier et al., 2011; Rini et al., 2014; Ravaud et al., 2015), while the 
combination of lenvatinib plus everolimus improved PFS and OS (Motzer et al., 2015b; Motzer et 
al., 2016). More recently, ongoing clinical trials include combinations of ipilimumab plus 
nivolumab (NCT02231749), pembrolizumab plus axitinib (NCT02853331), avelumab plus axitinib 
(NCT02684006), and atezolizumab plus bevacizumab (NCT02420821) (Kotecha, Motzer and Voss, 
2019), among others. 

 

5- mTOR pathway inhibitors in RCC. 
 
Inhibitors of the mammalian target of rapamycin (mTOR) are therapeutic options in RCC, mainly 
as second/third line treatments, after failure to previous anti-VEGFR drugs and/or 
immunotherapy. These inhibitors target MTOR kinase, a key regulator of cell metabolism and 
growth. 
 

 5.1. mTOR pathway 
MTOR kinase is a conserved protein across evolution that coordinates external nutrient signaling 
and internal metabolism with growth and cell division. MTOR is the core component of mTOR 
pathway, a signaling axis integrating four signals: growth factors, energy status, oxygen and 
amino acids. It is governed by two main complexes, mTORC1 and mTORC2, through the binding 

Figure 2. Most common histologies of Renal Cell Carcinoma (left) and current treatments (right). 
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to different partners, where this Ser/Thr kinase is the central component in each of them (Inoki, 
Corradetti and Guan, 2005). 
 

    5.1.1. Physiologic role of mTOR complexes 1 and 2.  
mTOR Complex 1. This complex is formed by mTOR itself, Raptor (regulatory protein associated 
with mTOR) and mLST8 (mammalian lethal with Sec13 protein 8, also known as GβL). Raptor is a 
helper protein of mTOR, facilitating the recruitment of substrates to mTOR and needed for 
mTORC1 localization in cellular compartments. The main proposed role for mLST8 is stabilizing 
the catalytic domain of mTOR. In addition, two inhibitory components are contained: PRAS40 
(proline-rich Akt substrate of 40kDa) and DEPTOR (DEP domain containing mTOR interacting 
protein). Complex 1 is involved in the regulation of the following process:  
 - Protein synthesis. It is controlled by the two main substrates of mTOR, which are 
p70Kinase 1 (S6K1) and eIF4E Binding protein (4EBP). mTOR phosphorylates S6K1 on Thr 389 and 
allows the subsequent activation by PDK1. Once this occurs, S6K1-P phosphorylates PDCD4, an 
inhibitor of EIF4B, which in turns improves translation efficiency of mRNAs (Ma et al., 2008).  
  - Metabolism of lipids and nucleotides. mTOR controls lipids anabolism through the 
activation of SREBP (sterol responsive element binding protein), a controller of gene expression 
related with fatty acid and cholesterol production. Activation of SREBP can be mediated by S6K1-
P or by Lipin1, a constitutive inhibitor of SREBP when mTORC1 is not activated. mTORC1 promote 
nucleotide production through ATF4 (which in turns increases expression of MTHFD2, an 
important component of tetrahidrofolate cycle located in mitochondria, provider of carbon units) 
and S6K1, which phosphorylates carbamoyl phosphate synthetase (CAD), a critical component of 
pyrimidine synthesis de novo (Ben-Sahra et al., 2016).  
 - Glucose metabolism switch. When activated, mTOR promotes growth changing glucose 
metabolism, from oxidative phosphorylation to glycolysis. This is likely performed through its 
action over SREBP and HIF1alfa expression, which is increased upon mTORC1 activation and 
regulates the expression of relevant glycolytic enzymes (Düvel et al., 2010). Moreover, 
phosphorylation of S6K1 promotes phosphorylation of the receptor of insulin, IRS1, reducing it 
stability (Harrington et al., 2004), constituting an auto-regulatory feedback loop (Manning, 2004).  
  - Catabolism shut down. Anabolic processes are exacerbated by reducing catabolic 
process. mTORC1 has an important role repressing autophagy. Once mTORC1 is active, it 
phosphorylates ULK1 and prevents its activation by AMPK, an important activator of autophagy 
(Kim et al., 2011). Moreover, mTOR activation has an effect on the ubiquitin-proteasome system, 
and some studies have revealed that inhibition of mTOR promote activation of this recycling 
programme (Zhao et al., 2015; Rousseau and Bertolotti, 2018). 
 
mTOR Complex 2. Containing mTOR and mLST8 as core components, it is accompanied by Rictor 
(rapamycin insensitive companion of mTOR), DEPTOR and regulatory components mSin1 and 
Protor1/2. mTORC2 is the responsible for the control of cell survival, proliferation, cytoskeletal 
organization and cell mobility, mainly due to its ability to phosphorylate some of the AGC kinase 
family members. mTORC2 is involved in the following functions:   
  - Cytoskeletal remodeling and cell migration. Through phosphorylation of AGC (PKA, 
PKG/PKC) mTORC2 controls the coordination of actin cytoskeleton, as PKC-α (Jacinto et al., 2004; 
Sarbassov et al., 2004). Other members phosphorylated by mTORC2 are regulators of 
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cytoskeletal remodeling and cell migration (PKC-δ, PKC-γ, PKC-ε) (Gan et al., 2012; Li and Gao, 
2014). 
  - Insulin/PI3K signaling. mTORC2 activates Akt through phosphorylation (Sarbassov et 
al., 2004). Then, Akt promotes cell survival, proliferation and growth through phosphorylating 
and inhibiting several key substrates, including FOXO1/3a transcription factors, GSK3beta and 
TSC2, although this last could be independent of phosphorylation by mTORC2. Moreover, 
mTORC2 phosphorylates SGK1, which turns active and regulates cell survival (García-Martínez 
and Alessi, 2008). 

 

     5.1.2. Integration of signals. 
mTOR pathway constitutes a major regulatory axis in the cell that integrates external stimuli, as 
nutrient and growth factors, to central processes, as transcription and anabolic metabolism. 
 
Upstream mTOR.  
The heterodimer complex composed by TSC1 (hamartin) and TSC2 (tuberin) is a negative 
regulator of mTORC1. These proteins function together as a GTPase-activating protein (GAP) for 

Figure 3. MTOR gene with protein domains and mTOR pathway.  
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Rheb (ras homolog enriched in brain). When Rheb is active (bound to GTP) interacts with 
mTORC1, increasing its activity (Long et al., 2005).  
  -Growth factors and insulin – They stimulate mTORC1 through canonical pathways as Ras 
and insulin, increasing phosphorylation of TSC2 by a variety of kinases as Akt, extracelular-signal-
regulated kinase 1/2 (ERK1/2) and p90 ribosomal S6 kinase 1 (RSK1) (Inoki et al., 2002; Potter, 
Pedraza and Xu, 2002; Ma et al., 2005; Roux et al., 2004). Upon insulin binding to its surface 
receptor in the cell, activates the insulin receptor substrate 1 (IRS1), which produces 
phosphatidylinositol 3,4,5-triphosphate through the activation of PI3K, recruiting in the plasma 
membrane and activating Akt.  
  -Energy balance sensing. The AMP-activated protein kinase (AMPK) is a sensor of 
intracellular energy status (Hardie, 2007). Upon low ATP/ADP rate (energy depletion) AMPK is 
activated and phosphorylates TSC2 and also phosphorylates Raptor (Gwinn et al., 2008).  
  -Oxygen levels. Hypoxia can activate TSC1/2 through transcriptional regulation of DNA 
damage response 1 (REDD1) (Brugarolas et al., 2004), which avoids mTORC1 signaling releasing 
TSC2 from its growth factor induced association 14-3-3 proteins.  

-Amino acids. Amino acids activate mTORC1 independently of TSC1/2 complex (Nobukuni 
et al., 2005). The small GTPases Rags, interact with mTORC1 depending on amino acids and are 
required for activation of mTORC1. This function is performed by the interaction of Rags with 
Raptor, inducing the localization in particular subcellular regions where is located Rheb, the 
activator (Sancak et al., 2008).  
 

   5.1.3. Overactivation in Cancer. 
Due to its importance in cell growth and division, mTOR pathway over-activation is a common 
alteration of cancer cells. Activating mutations in MTOR, and inactivating mutations in the 
negative regulators TSC1 and TSC2, are common events activating mTOR pathway. These three 
genes are found mutated in 10-25% of cases in many tumor types, including melanoma, uterine, 
bladder, stomach, chRCC, adrenocortical carcinoma, esophagus, colorectal, liver and lung 
squamous cell lung cancer (www.cbioportal.org). In addition, mutations in several oncogenes and 
tumor suppressors can lead to mTOR pathway overactivation. For example, RagC has been found 
mutated at high frequency in follicular lymphoma (around 18% (Okosun et al., 2016)). Other 
components of mTOR pathway are mutated in hereditary cancer syndromes as FLCN in Birt-Hogg-
Dubé (Nickerson et al., 2002) related with developing some forms of RCC. 
 

   5.1.4. mTOR pathway and the Ubiquitin Proteasome System (UPS). 
Cellular metabolic shifts by mTOR are tightly controlled through the connection with the 
ubiquitin proteasome system (UPS) and autophagy (Zhao et al., 2015; Zhao and Goldberg, 2016; 
Zhao, Garcia and Goldberg, 2016; Saxton and Sabatini, 2017). mTOR inhibition activates 
autophagy, through a rapidly activation of the USP, which in turns induce a selective 
degradation of substrates enhancing catabolism by the proteasome (Zhao et al., 2015). The UPS 
are a group of proteins involved in targeted degradation of proteins modulating the addition or 
removal of ubiquitin chains by a highly selective process involving ubiquitin ligases (E1, E2 and 
E3) and deubiquitinases (Oh, Akopian and Rape, 2018; Pohl and Dikic, 2019). Particularly, 
ubiquitination at K48 is mainly responsible for degradation by the 26S subunit of the 

http://www.cbioportal.org/
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proteasome, converting proteins in to aminoacids, and generating an opportunity to recycle 
cellular components (Zhao et al., 2015; Grice and Nathan, 2016; Liu et al., 2019). Thus, 
regulation of UPS and autophagy by mTOR coordinate the balance between protein synthesis 
and degradation, allowing cells to adapt nutrient and growth factor signals with rapid internal 
responses.    
 

  5.2. Inhibitors of mTOR pathway. 
Inhibitors of mTOR pathway correspond to a family of compounds derived from rapamycin, a 
natural antibiotic produced by different species of actynomycetes, such as Streptomyces 
hygroscopicus Streptomyces iranensis and Actinoplanes sp. An expedition of microbiologist 
collected soil samples from Easter island (Rapa Nui) and found an anti-biotic producing 
microorganisms, described as S. hygroscopicus. The antifungal principle was isolated and called 
rapamycin (Vézina, Kudelski and Sehgal, 1975; Sehgal, 2003). This compound was able to inhibit 
the growth of Candida albicans, Microscoprum gypseum and Trichophyton granulosum. For that 
reason, rapamycin was initially developed as an antifungal drug, but during the following years it 
was found to cause immunosuppression (Martel, Klicius and Galet, 1977) and to have antitumor 
activity (Houchens et al., 1983). This led to the use of rapamycin as an immunosuppressive agent 
for solid organ transplantation (Calne et al., 1989). In 1997 it was approved by the FDA for 
preventing allograft rejection in organ transplantation as Rapamune (sirolimus). In May 2007, the 
FDA approved Torisel (temsirolimus, a prodrug of sirolimus) for advanced RCC treatment, based 
on a clinical trial comparing it with interferon-gamma (Hudes et al., 2007) (NCT00065468). Two 
years after, in March 2009, FDA approved everolimus for the treatment of advanced RCC after 
progression of the disease with sorafenib or sunitinib (Motzer et al., 2008) (NCT00410124). 
Mechanism of action - In 1995, the effect of rapamycin was discovered to be dependent of 
mTORC1 (Chen et al., 1995). Rapamycin binds to its intracellular partner, FK506 binding protein 
12 (FKBP12), and then interacts directly with the FRB domain of mTOR, leading to an allosteric 
inhibition of the activity of the protein. Interestingly, it binds to mTORC1 upon acute treatment, 
but not to mTORC2. However, prolonged treatments with rapamycin affects mTORC2, 
presumably through depleting the pool of free mTOR to be recruited to complex 2 (Sarbassov et 
al., 2006; Lamming et al., 2012). 
 

   5.2.1. First generation of mTOR inhibitors. 
The first generation of mTOR inhibitors were developed through discrete modifications from the 
structure of rapamycin (over the position C-40-O, substituting the hydrogen at that position; 
temsirolimus with dihidroxylmethyl propionic acid substitution, and everolimus with 
hydroxyethyl group substitutions), focused on the pharmacokinetics and stability. As analogs of 
rapamycin, they can be referred as rapalogs (Benjamin et al., 2011). 
Everolimus continued to receive successive approvals for other diseases as first line treatment. 
In 2011, it was approved to treat progressive pancreatic neuroendocrine tumors that were 
unresectable, locally advanced or metastatic, supported by the RADIANT-3 clinical trial 
(NCT00510068). In 2012 two approvals, for adult and young patients of tuberous sclerosis 
complex (TSC), associated with mutations in TSC1/2, were made: for adult patients with renal 
angiomyolipomas, based on the EXIST-2 clinical trial (NCT00790400), and for TSC patients older 

http://clinicaltrials.gov/show/NCT00410124
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than 1 year of age presenting subependymal giant cell astrocytoma (SEGA), a rare brain tumors 
associated with TSC (NCT00789828). In 2016 it was approved for patients with advanced 
neuroendocrine tumors based in the clinical trial RADIANT-4 (NCT01524783). In 2018 it was 
approved for TSC-associated partial onset seizures, based on the EXIST-3 clinical trial 
(NCT01713946).  
 
As combination treatment, everolimus has been approved for breast cancer in 2012, in 
combination with exemestane for estrogen receptor positive locally advanced or metastatic 
breast cancer, refractory to letrozole or anastrozole, based on the clinical trial BOLERO-2 
(NCT00863655).  
 
Currently, some clinical trials in breast cancer and renal cancer patients are exploring 
combinations of everolimus with eribulin (Lee et al., 2019)(NCT02120469), fulvestrant (Schmid 
et al., 2019)(NCT02216786), or hydroxicloroquine (Haas et al., 2019)(NCT03032406). 
 
Toxicities. Toxicities associated with temsirolimus include asthenia, rash and mucositis. 
Additional abnormalities are anemia, hyperglycemia and hyperlipidemia (Kwitkowski et al., 
2010). Regarding everolimus, common toxicities are grade 1-2 of epistaxis, pyrexia, 
hyperglycaemia and blood cholesterol concentration increased (Armstrong et al., 2016).   
 
 

   5.2.2. New rapalogs. 
To increase the efficacy, the strategy for inhibiting mTOR has changed. A second generation of 
rapalogs has been developed, targeting PI3K and mTOR (dual inhibitors) or only the kinase 
activity of mTOR (Zheng and Jiang, 2015). These are small molecules that compete with ATP in 
the binding pocket in the kinase. In principle, they are more potent inhibiting cell proliferation 
and in some cases these molecules have shown to overcome resistance in some malignancies 
(Gupta et al., 2012). Some of this second generation rapalogs have been used in clinical trials, for 
example, BEZ235, INK128, AZD2014 and XL765. Recently, with the aim of avoiding potential 
resistance from mutations in the FRB or the kinase domain of MTOR, a new class of inhibitors has 
been developed, representing the third generation (Rodrik-Outmezguine et al., 2016) 
 

  5.3. Markers of response to mTOR inhibitors in cancer. 
Several studies have focused on finding a relation between the response achieved with the mTOR 
inhibitors and genetic alterations, with the aim to identify markers of response. Evidences come 
from extreme responder patients, large cohorts of treated patients and in vitro studies (Grabiner 
et al., 2014).  
 

    5.3.1. Extraordinary responses.  
The first report of an mTOR pathway mutation in a patient with high sensitivity to rapalogs, was 
a bladder cancer patient who experienced a long remission during treatment with everolimus 
(Iyer et al., 2012). WGS revealed a loss of function mutation in TSC1. Two years later a patient 
with anaplastic thyroid cancer with inactivating mutation in TSC2 showed 18 months of response 

https://clinicaltrials.gov/ct2/results?cond=&term=NCT02120469&cntry=&state=&city=&dist=
http://clinicaltrials.gov/show/NCT02216786
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to everolimus. Interestingly, a metastatic resistant lesion was developed and a new mutation in 
MTOR was found, which presumably conferred resistance to the treatment (Wagle et al., 2014a). 
In the same year, in an urothelial carcinoma patient with durable response to everolimus two 
concurrent mutations in MTOR gene were found (Wagle et al., 2014b). Functional assays 
demonstrated their activating effect in mTOR pathway. In addition, rare tumors related with 
mutations in TSC1/2, as perivascular epithelioid cell tumors (PEComas) or SEGA and renal 
angiomyolipomas, have been linked to clinical benefit from mTOR inhibitors (Wagner et al., 2010; 
Dickson et al., 2013; Franz et al., 2016). These individual evidences supported the notion that 
mutations in MTOR, TSC1 and TSC2, considered as the core axis of mTOR pathway, could lead to 
mTOR pathway-addicted tumors, rendering them sensitive to mTOR inhibition.  
 

  5.3.2. Large series of treated cases.   
During the development of this Thesis two large series of RCC patients treated with mTOR 
inhibitors have been reported. In 2016, a large homogenous cohort of 79 metastatic RCC patients 
(most ccRCC patients) (Kwiatkowski et al., 2016) was reported. Kwiatkowski and colleagues found 
that patients with mutations in MTOR, TSC1 and TSC2 were enriched in partial responses. 
Interestingly, when increasing the number of genes related in PI3K/mTOR pathway, as PTEN, the 
association was lost. In addition, there was an incomplete correspondence between the 
mutational status and the response (some patients with mutations did not respond and others 
responder patients had no mutation).  Two years later, Voss et al in a cohort of 184 advanced 
RCC patients reported contradictory results, since no significant association between mutations 
in the three genes and the response rate and the PFS was found. However, a significant relation 
was found between negative PTEN IHC and mTOR inhibitor response (Voss et al., 2018a).  
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OBJECTIVES 
 
RCC accounts for 5% of cancer cases worldwide, with one in three patients being metastatic at 
diagnosis and requiring systemic treatment. Despite large molecular differences between RCC 
subtypes and within each histologic subtype, current treatment selection does not incorporate 
tumor genetic alterations. In this Thesis, we aimed to uncover markers of response to mTOR 
inhibitors, which could provide with a molecular rationale able to guide therapy selection in RCC 
patients. 
 
The specific objectives of this Thesis are: 
 
1.- To uncover tumor alterations responsible for cases with extreme sensitivity to mTOR pathway 
inhibitors, applying whole exome sequencing to longitudinal tumor samples. 
 
2.- To determine whether alterations in key components of mTOR pathway, including somatic 
mutations in MTOR, TSC1 or TSC2 and tumor expression of PTEN protein, can predict the 
response to mTOR pathway inhibitors therapy in a large cohort of RCC patients.  
 
3.- To provide with a molecular characterization of chromophobe renal cell carcinoma, focusing 
on mTOR pathway alterations, as they represent potential therapy targets. 
  
4.- To identify new genes associated with increased sensitivity to mTOR pathway inhibitors, by 
performing whole exome sequencing of extreme responders and confirming the results in in vitro 
cellular models. 
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Article 1. – Exceptional Response to Temsirolimus in a Metastatic Clear Cell Renal Cell 
Carcinoma with an early novel MTOR-Activating mutation.  
Authors: Juan Francisco Rodríguez-Moreno*, María Apellaniz-Ruiz*, Juan María Roldan-
Romero, Ignacio Durán , Luis Beltrán, Cristina Montero-Conde, Alberto Cascón, Mercedes 
Robledo, Jesus García-Donas and Cristina Rodríguez-Antona.  
Published in Journal of the National Comprehensive Cancer Network, 2017 Nov 01. doi: 
10.6004/jnccn.2017.7018  
 
ccRCC usually displays high angiogenic features and front line treatment with anti-VEGF drugs 
are an effective therapy. However, acquired and intrinsic resistances are common. In these cases 
mTOR inhibitors could be an alternative therapy, but the lack of RCC predictive markers hampers 
therapeutic guiding.  
 
In this study we describe a woman diagnosed with metastatic ccRCC at the age of 57, with liver, 
pelvic and lumbar spinal cord bone metastasis. The patient was refractory to sunitinib and 
sorafenib, in first and second line of treatment, respectively. Third line with temsirolimus 
achieved complete response in tumor lesions. Treatment continued for more than seven years 
when a solitary skull bone metastasis was developed and removed by surgery. Since then, 
denosumab was added to temsirolimus treatment. At last follow-up, eight years after 
temsirolimus start, the patient continued in treatment and was disease free.  
 
We applied WES to three different regions from the primary tumor and to the skull metastasis. 
In addition, we studied mTOR pathway status in tumor samples through TSC2 and phospho-S6 
IHC and performed in vitro characterization of candidate mutations. WES analysis revealed 41 
somatic mutations shared between the three tumor regions, including canonical mutated genes 
in ccRCC, as VHL and BAP1, and a missense variant in MTOR (c.5920T>C, p.Y1974H) not previously 
reported as pathogenic. We studied the effect of this variant in mTOR pathway by in vitro assays 
on HEK293 cells. Phosphorylation levels of S6K1 on Thr389 were higher in MTOR-Y1974H than 
MTOR wildtype, and similar to a well-known MTOR pathogenic variant. Moreover, increased 
sensitivity to rapamycin was detected and flow cytometry characterization showed a tendency 
towards an abnormal profile. Finally, phospho-S6 IHC in tumor samples was positive for primary 
and metastatic tumor samples.   
 
As a whole, this study discovered a new activating mutation in MTOR gene that, acquired early 
during tumor development, provides a link to the high sensitivity to an mTOR inhibitor exhibited 
by a patient with ccRCC. These results support mTOR pathway mutations as potential predictors 
of mTOR inhibitor response. 
 
 
 
 

https://jnccn.org/view/journals/jnccn/15/11/article-p1310.xml#affiliation0
https://doi.org/10.6004/jnccn.2017.7018
https://doi.org/10.6004/jnccn.2017.7018
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Personal contribution.  
I participated in the optimization of the in vitro functional assays in HEK293 cells. In the revision 
of the study during the publication process, I performed the flow cytometry assays, which 
additionally supported the activating effect of the novel MTOR variant. I also took part in the 
manuscript drafting and revision. 
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Article 2.- Biallelic TSC2 Mutations in a Patient with chromophobe Renal Cell 
Carcinoma showing extraordinary response to Temsirolimus. 
Authors: Pablo Maroto , Georgia Anguera, Juan Maria Roldan-Romero, Maria Apellániz-Ruiz, 
Ferran Algaba, Jacqueline Boonman, Mark Nellist, Cristina Montero-Conde, Alberto Cascón, 
Mercedes Robledo  and Cristina Rodríguez-Antona. 
 
Published in Journal of the National Comprehensive Cancer Network, 2018 Apr 01. 
doi: 10.6004/jnccn.2017.7041. 
 
Few chRCC patients with high sensitivity to mTOR inhibitors are reported in the literature. The 
molecular reason behind this sensitivity is unknown, but a subset of chRCC tumors harbor 
mutations in mTOR pathway (9% of cases, considering MTOR, TSC1 or TSC2 genes), suggesting 
this could be the underlying cause. Here, we performed a molecular characterization of a chRCC 
patient with an extraordinary response to mTOR inhibitors through WES, IHC and in vitro cellular 
studies. 
 
In this work we studied a 34 years old woman with metastatic chRCC at initial diagnosis, with 
numerous retroperitoneal adenopathies (n>5) and metastatic lesions in femur and lungs, and 
poor prognosis according to MSKCC criteria. Temsirolimus was started as palliative treatment, 
obtaining an extraordinary and continuous response. At 8 months of treatment, metastatic 
lesions disappeared and adenopathic lesions were reduced. At 15 months, primary tumor 
reduced its volume by 80% and a nephrectomy was performed. The patient continued treatment 
for 3 years and two years after stopping temsirolimus a renal metastasis was discovered on a 
lymph node and removed by surgery. Three years later a biopsy revealed tumor infiltration in the 
femur and temsirolimus treatment was restarted, again with good clinical response. 
 
We performed a genomic characterization through WES of the peripheral blood, primary tumor 
and metastatic lymph node samples, and carried out in vitro functional analyses. In addition, we 
analyzed mTOR pathway activation in tumor samples through IHC. WES uncovered two somatic 
mutations in TSC2, a splicing defect (c.5069-1G>C; AF=0.21) and a novel missense mutation (c. 

3200_3201delinsAA, p.V1067E, AF=0.38). In vitro functional characterization of the missense variant 
on a TSC2-/- HEK293 cell line showed higher ratio of phospho-S6K1 (Thr389)/ S6K1 total than 
wildtype TSC2, and similar to that seen from other pathogenic variants. In addition, phospho-S6 
(Ser235/236) IHC showed increased of mTOR pathway activation in the primary tumor and in the 
metastatic samples. Altogether, these data were consistent with an activating effect on mTOR 
pathway of the two TSC2 variants. 
 
In conclusion, this study proposed that the two somatic mutations in the tumor suppressor TSC2 
were causative of mTOR pathway activation and the excellent response of this chRCC patient to 
the mTOR inhibitors.  
 
 
 
 

https://jnccn.org/view/journals/jnccn/16/4/article-p352.xml#affiliation0
https://jnccn.org/view/journals/jnccn/16/4/article-p352.xml#affiliation0
https://doi.org/10.6004/jnccn.2017.7041
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Personal contribution.  
I validated the two TSC2 somatic mutations in DNA from germline, primary tumor and metastatic 
samples. I prepared TSC2 plasmids and helped to optimize the in vitro assays for the functional 
characterization of the TSC2 variants. I took part in the revision of the results and drafting of the 
manuscript.  
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Article 3.- PTEN expression and mutations in TSC1, TSC2 and MTOR are associated 
with response to rapalogs in patients with renal cell carcinoma.  
Authors: Roldan-Romero JM, Beuselinck B, Santos M, Rodriguez-Moreno JF, Lanillos J, Calsina B, 
Gutierrez A, Tang K, Lainez N, Puente J, Castellano D, Esteban E, Climent MA, Arranz JA, Albersen 
M, Oudard S, Couchy G, Caleiras E, Montero-Conde C, Cascón A, Robledo M, Rodríguez-Antona 
C, García-Donas J; Spanish Oncology Genitourinary Group (SOGUG). 
 
-Preliminary results published in Clinical Cancer Research as a Letter to the editor, 2017 June 12. 
Doi: 10.1158/1078-0432.CCR-17-1280. 
Published in International Journal of Cancer, 2020 Mar 1. Doi: 10.1002/ijc.32579. 
 
Despite the growing number of therapeutic options for advanced RCC, treatment selection still 
does not follow a molecular rationale, highlighting the need to identify markers of response. 
Previous studies in RCC (mostly in clear cell patients) treated with mTOR inhibitors have shown 
contradictory results regarding the potential role of mutations in mTOR pathway as predictive 
markers, highlighting the need for validation in large cohorts of patients.  
 
In our study, we collected in a multicenter effort, samples from a large series of RCC patients 
treated with mTOR inhibitors. This was an observational study in which patients were treated 
with mTOR inhibitors in different treatment lines, representing a real-world population series. 
We performed a molecular characterization of RCC patients (mostly ccRCC) by a NGS panel, 
targeting the three genes of the mTOR pathway (MTOR, TSC1 and TSC2), and by IHC of proteins 
related with mTOR pathway. Association analyses were carried out to find molecular markers of 
response.  
 
Preliminary results from 45 patients were communicated as a Letter to the editor in Clinical 
Cancer Research (10.1158/1078-0432.CCR-17-1280). At that time, we had found that 11% of 
patients carried mTOR pathway mutations and that 60% of them experienced benefit from mTOR 
inhibitors. In the complete series with 105 patients we found that 13% of patients harbored 
mutations in the pathway. Improved response was more frequent in cases with the mTOR 
pathway mutated (P=0.038) and in those with negative PTEN IHC (58% of cases; P=0.029). 
Moreover, these two events were not mutually exclusive and its combination improved 
prediction response (P=0.013).  
 
This study revealed that mutations in the mTOR pathway genes MTOR, TSC1 and TSC2 were 
associated with response to mTOR inhibitors, although the correlation was incomplete. At 
protein level, we found that PTEN expression was associated with response to mTOR inhibitors. 
Furthermore, the combination of these two features improved response prediction. These results 
support the notion that sequencing these three genes and performing IHC for PTEN could help 
guide the clinical decision regarding therapy selection in RCC.  
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Personal contribution.  
I performed genomic DNA extraction from tumors and aided in the NGS characterization of the 
series. I managed the clinical and molecular database, classified the variants found, coordinated 
H&E and IHC tumor evaluations, obtained photomicrographs of tumors and participated in the 
statistical analysis. I also performed the analysis with the TCGA cases. I wrote the manuscript 
draft and participated in the revision process.  
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Article 4. – Molecular characterization of chromophobe renal cell carcinoma reveals 
mTOR pathway alterations in patients with poor outcome  

 
Authors: Juan María Roldan-Romero, María Santos, Javier Lanillos, Eduardo Caleiras, Georgia 
Anguera, Pablo Maroto, Jesús García-Donas, Guillermo de Velasco, Ángel Mario Martinez-
Montes, Bruna Calsina, María Monteagudo, Rocío Letón, Luis Javier Leandro-García, Cristina 
Montero-Conde, Alberto Cascón, Mercedes Robledo and Cristina Rodriguez-Antona. 
 
Published in Modern Pathology. In press. 
 
ChRCC is a rare, histologically and molecularly distinct form of renal cancer. Although previous 
studies have revealed that the two most common mutated genes are TP53 and PTEN and that 
they confer poor prognosis, the rarity of this tumor hinders the knowledge regarding the 
alteration landscape of chRCC. Furthermore, little is known about potential targetable 
alterations.   
 
In this work we carried out a comprehensive molecular and immunohistochemical 
characterization of the largest series of chRCC patient studied so far (n=92), enriched in 
metastatic cases. We performed sequencing of the tumors using a NGS panel targeting 43 genes 
related to renal cancer, mTOR pathway and other genes commonly mutated in cancer. Off-target 
reads were used to detect mitochondrial DNA mutations in respiratory chain complex I. IHC 
techniques were used to detect proteins associated with mTOR pathway and p53.  
 
We found that alterations in mTOR were the second most common alteration in our cohort of 
chRCC (17% mutated cases). Furthermore, they were enriched in patients with worse disease 
specific survival (P=0.027) and this association was validated in TCGA cohort. Moreover, tumors 
mutated in mTOR pathway or respiratory chain complex I mitochondrial genes, were associated 
with the chRCC eosinophilic variant. We confirmed that TP53 mutations, the most frequently 
mutated gene in chRCC, were associated with metastasis development, and discovered that 
overexpression of p53 by IHC was associated with missense mutations. Finally, loss of PTEN 
expression by IHC was found in 82% of tumors.  
 
In summary, this study improves the molecular knowledge in this rare tumor, revealing that 
mTOR pathway alterations mark poor survival in patients. Further investigation is needed to 
determine if these mutations could also predict mTOR inhibitor response. Moreover, we showed 
for the first time in chromophobe RCC that p53 IHC can predict TP53 mutation, which is 
associated with tumor progression. Altogether, we discovered novel molecular data with 
potential clinical impact in the management of chRCC patients.   
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Personal contribution.  
I managed the tumor sample series to obtain DNA for the NGS panel and to perform IHC analysis, 
obtained photomicrographs of tumors (IHC staining and H&E), performed data visualization of 
mutation data from the NGS with R (oncoprint) and carried out the statistical analysis of the 
study. I also performed comparative analysis with TCGA. I was responsible of drafting the 
manuscript and performing the revision process.  
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Article 5. –USP9X as a novel regulator of mTOR inhibitor sensitivity 
 

Authors: Juan M. Roldán-Romero, Maria Santos, Georgia Anguer, Javier Lanillos, Cristina 
Montero-Conde, Alberto Cascón, Giovanna Roncador, Mercedes Robledo, Pablo Maroto, 
Cristina Rodriguez-Antona.  
 
Manuscript draft 
 
Mutations in MTOR, TSC1 and TSC2 genes have been proposed as markers of mTOR inhibitor 

response, however, the correlation is modest, and these mutations do not explain all responder 

patients. Thus, these results suggest that other mutated genes could be contributing to the 

rapalog response.   

 

To address this question we followed an extreme phenotype strategy, recruiting three chRCC 

patients with a very high sensitivity to temsirolimus, and analyzing them by whole exome 

sequencing. We found that the deubiquitinase USP9X was the unique shared somatically altered 

gene among the patients, with two tumors harboring loss of function mutations and one a 

missense variant. IHC of USP9X and Sanger sequencing in the tumor samples confirmed the 

results and supported that mutations in this gene were early events during tumorigenesis. 

 

USP9X depletion in HeLa and in 786-O renal cancer cells through shRNA and CRISPR/Cas9, 

respectively, resulted in an increased sensitivity to rapamycin. Global ubiquitinome analysis in 

these cell models revealed p62, a key autophagy regulator, as a USP9X substrate. 

Immunoflurescence of p62 and LC3 assays confirmed an autophagy dysregulation in USP9X 

depleted cells. As a whole, we propose that a convergence between mTOR pathway inhibition 

and USP9X loss in autophagy results in synthetic lethality. 

 

In conclusion, this study unveils USP9X as a new gene associated with mTOR inhibitor sensitivity 

that could represent a new potential marker of rapalog response. We also identify USP9X 

inhibition as a potential clinically exploitable pathway to increase sensitivity to rapalogs. 

 
 
 
 
 
 
 
 
 
 



117 
 

 

Personal contribution.  
I validated USP9X mutations by Sanger and helped optimizing USP9X immunohistochemistry. I 
performed USP9X silencing in HeLa cells using lentiviral shRNA-mediated silencing, and produced 
USP9X CRISPR/Cas9 knock-out clones in 786-O cells. I carried out cell viability experiments in 
these models. I characterized mTOR pathway activation by western-blot, and provided with the 
proteins used in the global ubiquitinome analysis. I performed autophagy analysis through a LC3 
retroviral construction and performed the immunofluorescence analysis with the support of the 
Confocal Microscopy Unit. I wrote the draft of the manuscript. 
 
 
 
  



118 
 

 

 
Title: USP9X as a novel marker of response to mTOR inhibition in renal cell carcinoma 

Authors: Juan M. Roldán-Romeroa, Maria Santosa, Georgia Anguerab, Cristina Montero-Condeb, Alberto 

Cascónb,c, Giovanna Roncadord, Mercedes Robledoa,c, Pablo Marotob, Cristina Rodriguez-Antonaa,c 

 

Affiliations: 

a Hereditary Endocrine Cancer Group, Human Cancer Genetics Programme, Spanish National Cancer 

Research Centre (CNIO), Madrid, Spain 

b  Department of Medical Oncology, Hospital de la Santa Creu i Sant Pau, Barcelona, Spain 

c Centro de Investigación Biomédica en Red de Enfermedades Raras (CIBERER), Spain 

d Monoclonal Antibodies Core Unit, Spanish National Cancer Research Centre (CNIO), Madrid, Spain 

 

Corresponding author:  

Dr. Cristina Rodriguez-Antona  

Hereditary Endocrine Cancer Group; Human Cancer Genetics Programme; Spanish National Cancer 

Research Centre (CNIO) 

Melchor Fernández Almagro 3; 28029 Madrid, Spain 

Phone: +34 917328000; e-mail: crodriguez@cnio.es  

  



119 
 

 

ABSTRACT 

mTOR pathway, due to its crucial role as regulator of cell growth and proliferation, is frequently over-

activated in diverse tumor types. Inhibitors of this pathway have successfully been approved for cancer 

treatment, however, many patients fail to respond to this therapy. Here we demonstrate that chromophobe 

renal cell carcinoma tumors mutated in USP9X show high sensitivity to mTOR pathway inhibitors. USP9X 

targeting through shRNA/ CRISPR-Cas9 systems in Hela and the renal cell carcinoma cells 786-O, 

demonstrated that USP9X depleted cells exhibit increased sensitivity to mTOR inhibitors, recapitulating 

the effect observed in the patients. An unbiased ubiquitylome analysis revealed p62 as a direct USP9X 

target and p62 and LC3 immunofluorescence assays revealed dysregulated autophagy in USP9X depleted 

cells. Mechanistically, USP9X loss leads to increased p62 ubiquitination and an altered autophagy 

regulation that converges with the increased autophagy caused by mTOR pathway inhibition. In conclusion, 

we shed light into USP9X as a potential novel marker of sensitivity to mTOR inhibitors and mark the 

inhibition of this gene as a clinically exploitable pathway to increase sensitivity to these drugs. 
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 INTRODUCTION 

mTOR pathway has a central role in cell biology as it coordinates nutrients with metabolic activity 

and cell division. Its overactivation is a frequent event in cancer, with point mutations in MTOR, TSC1 and 

TSC2 present in average in 6% of all Pan-Cancer tumor types and amplification of MTOR present in 4% of 

tumors (Zhang et al., 2017). Two mTOR pathway inhibitors, temsirolimus and everolimus, are approved 

for the treatment of renal cell carcinoma, progressive pancreatic neuroendocrine tumors, subependymal 

giant cell astrocytoma associated with tuberous sclerosis complex and HER2-negative breast cancer.  

There is large variability in the response to mTOR inhibitors, with some extraordinary responses 

linked to mutations in MTOR, TSC1 and TSC2, that results in an activation of the pathway and increase the 

sensitivity to rapalogs (Wagle et al., 2014b; Wagle et al., 2014a; Iyer et al., 2012; Rodríguez-Moreno et 

al., 2017; Maroto et al., 2018; Espinosa et al., 2018). However, studies on large series of treated patients 

found an incomplete correlation between drug response and these alterations (Kwiatkowski et al., 2016; 

Voss et al., 2018; Roldan-Romero et al., 2017; Roldan-Romero et al., 2019). This discordance may be 

explained by intra-tumor heterogeneity, with extraordinary responses being driven by early mutations or 

parallel evolution in different tumor subclones, that lead to a high dependency on mTOR pathway in all 

tumor cells (Voss et al., 2014; Rodríguez-Moreno et al., 2017; Voss and Hsieh, 2016). In addition, still 

unidentified genes might be increasing the sensitivity to mTOR pathway inhibition, representing novel 

predictive markers and potential drug targets in cancer. 

In this study by performing a whole exome sequencing (WES) study of three chromophobe RCC 

patients with a very high sensitivity to temsirolimus, we discovered USP9X as the only shared mutated 

gene. This deubiquitinase was found rarely mutated in unselected series of chRCC, suggesting an 

association with mTOR inhibitor sensitivity. Cellular models confirmed this association and identified p62 

as a USP9X substrate and a key mediator for the synthetic lethality interaction with mTOR inhibitors. 
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MATERIALS AND METHODS 

Patients 

Three metastatic chromophobe renal cell carcinoma (chRCC) patients with radiologic responses to 

temsirolimus were selected for whole exome sequencing (WES). A detailed description of these cases is 

provided in Supplementary Methods.  

In brief, patient 1 was a 34-year old woman with metastatic chRCC at diagnosis. Temsirolimus 

treatment resulted in complete response in all metastatic lesions and decreased by 80% the renal tumor 

volume, the remaining tumor was removed by nephrectomy. The patient received again temsirolimus for a 

bone metastasis that appeared 9 years after the initial diagnosis. Again a complete response was obtained 

and, currently, 13 years after the diagnosis the patient is disease free. The initial response to temsirolimus 

has been published (Maroto et al., 2018). Patient 2 was a 49 years old man with a localized chRCC that 15 

years later developed a retrovesical/ perirectal metastasis and started temsirolimus treatment. Radiologic 

response was observed by pelvic NMRs and after complete resection of the lesion, the patient has been 

disease free for 55 months. Patient 3 was a 68 years old woman with a stage III chRCC that 3.5 years later 

developed metastasis. Temsirolimus treatment achieved a 35% reduction in tumor size, treatment was 

stopped due to toxicity. These three patients belong to a large series of 92 chRCC patients, which was 

molecularly characterized recently by our group (Roldan-Romero, Mod Pathol).  

The study was approved by the Instituto de Salud Carlos III Review Board, and the patients 

provided written informed consent to participate in the study. Biobank samples were processed following 

standard operating procedures with the appropriate approval of the Ethics and Scientific Committees.  

 

Whole exome sequencing (WES) 

WES was performed in primary tumors derived from the nephrectomies of the three patients. 

DNA was extracted from the tumor tissues using the Maxwell® RSC DNA FFPE Kit (Promega) using the 

Maxwell® RSC Instrument (Promega).  DNA from peripheral blood were isolated using DNeasy Blood 

and Tissue Kit (Qiagen) according to manufacturer instructions.  
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DNA libraries were constructed using the SureSelect XT HumanAllExon V5 kit (Agilent 

Technologies) and sequenced on a HiSeq instrument (Illumina) using a 100-bp paired-end mode. Mean 

depth of coverage was >90x for all samples sequenced. Raw sequencing data was aligned to hs37d5 

(GRCh37) reference genome using BWA-mem. Somatic variant calling of the tumor with normal-

matched samples was performed using Mutect (GATK v3.4). Sequencing data was analysed to identify 

single nucleotide variants (SNVs) and small insertions or deletions (indels), applying an allele frequency 

threshold of 0.10 and with 2 or more alternative reads supporting the variant. Those present in gnomAD 

(https://gnomad.broadinstitute.org/) with an allele frequency >0.0001 were not considered further. Coding 

non synonymous and loss-of-function (LOF) variants were used for the analysis, as previously described 

(Maroto P et al, 2018). 

Immunohistochemistry (IHC) 

USP9X IHC was performed on tumor tissue sections using ab180191 antibody (Abcam), 

following standard protocols. The specificity of the antibody was confirmed using HAP1 USP9X knock-

out and HAP1 wild type cells (Horizon Discovery) (Fig. 1C).  

 

 Cell lines and culture 

Cell line authentication for HeLa and 786-O cell lines was performed using the GenePrint® 10 

kit (Promega) and cells were verified to be free of mycoplasma (MTC-NI System; Millipore). HeLa and 

786-O cells were grown with high glucose DMEM with L-glutamine (Sigma) supplemented with 10% 

FBS. For serum starvation cells were washed three times with PBS and incubated with culture media 

without FBS for 16 h. For serum plus amino acid starvation, after the 16 h without FBS, cells were 

washed and incubated with PBS for 1 h. For stimulation experiments, starved cells were incubated with 

media with FBS (20%) and aminoacids for 30 min. Cell proteins extracts were used for immunoblotting 

(described in detail in Suppl. Methods). 

 

 

https://gnomad.broadinstitute.org/
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USP9X gene silencing 

USP9X shRNA-mediated gene knockdown was performed using pTRIPZ human USP9X 

doxycycline inducible vectors containing 4 different shRNAs (RHS4740-EG8239; clone ID: 

V2THS41519; V2THS41521; V3THS320834; V2THS41523. These were referred to in the text as #1, #2, 

#3 and #4, respectively) and a non-target shRNA (Dharmacon). Lentiviral infections were performed 

according to the manufacturer’s instructions. After puromycin selection, cells were grown with 

doxycycline at 1 µg/ml to induce shRNA expression and silence USP9X. After protein isolation from 

each shRNA transduced cells and western-blot, V2THS41523 (#4) was discarded due to poor USP9X 

silencing.  

USP9X-knockout (KO) cells were generated with the CRISPR/Cas9 system. CRISPR  guide 

sequences targeting exon 3 of the human USP9X gene (5ʹCATACTGACTTGGCCAAGTT-3ʹ and 5ʹ-

AGTTGGATGACATGATCAAC-3ʹ) were designed using the Cas9-Designer (Park, Bae and Kim, 2015), 

optimized using Cas-OFFinder (Bae, Park and Kim, 2014), and cloned into lentiviral plasmids. SpCas9 

expression plasmids (500 ng) and sgRNA plasmids (500 ng) were transfected into 2×105 HEK293T cells 

using Lipofectamine 2000 (Thermofisher). Lentiviral particules were used to transduce HeLa and 786-O 

cell lines. After 10 days of growth in media with puromycin, cells were diluted and sorted to establish 

single-cell clones. Proteins were isolated from each single colony and USP9X KO cells identified by 

western-blot. Mutations in the USP9X target region were analyzed by Sanger sequencing. 

 

MTT viability assays 

Cells were seeded in a 96-well plate at 1250 (HeLa) or 2000 (786-O) cells per well and after 8 h 

treated with rapamycin, WP1130, bortezomib, or a combination of drugs, at different concentrations for 32-

96 h, depending on the cell type and compound tested. Eight replicates for each concentration were used, 

with a 1% DMSO final concentration, in at least two independent plates. For shRNA experiments, 

doxycycline was added to the media, at least 3 days before plating and during the MTT experiments. MTT 

solution was incubated at 1g/1 for 2 h at 37ºC, media was removed and cells lysed with DMSO. Compounds 
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were added to the plates using the Biomeck NPX Laboratory Automation Workstation (Beckman Coulter). 

Absorbance at 544 nm was assessed with a microplate reader (VICTOR Multilabel Plate Reader; 

PerkinElmer).  

 

K-ε-GG profiling and proteome analysis 

Cellular pellets were lysed in 5% SDC, 100 mM TrisHCl buffer pH 7.5, supplemented with 

protease and phosphatase inhibitors (HALT, Pierce) and Benzonase (Merck). Proteins were reduced and 

alkylated 1 hour at RT with 15 mM TCEP and 35 mM 2-chloroacetamide (Sigma). Lysates were then 

digested with Lys-C (Wako, enzyme/ protein ratio 1:200)  followed by  trypsin (Trypzean, Sigma,  enzyme 

/  protein ratio 1:50) . Digests were quenched with TFA, peptides desalted and lyophilized. For enrichment 

of K-ε-GG peptides, the PTMScan ubiquitin remnant motif (K-ε-GG) kit (Cell Signaling Technology, 

5562) was used. Eluted peptides were desalted using StageTips and analyzed by coupling an UltiMate 3000 

RSLCnano LC system to a Q Exactive Plus mass spectrometer (Thermo Fisher Scientific). Raw files were 

processed with MaxQuant (v 1.6.1.0) using the standard settings against a human  protein database 

(UniProtKB/TrEMBL, 20,303 sequences, march 2018) supplemented with common found laboratory 

contaminant protein sequences. Carbamidomethylation of cysteines was set as a fixed modification whereas 

oxidation of methionines, protein N-term and addition of glycine-glycine to lysine (K-GG) as variable 

modifications. Results were filtered at 0.01 FDR (peptide and protein level). For label free quantification 

match between runs option was enabled. Afterwards, the “GlyGly (K)Sites.txt” file was loaded in Prostar 

(v1.10) (Wieczorek et al, Bioinformatics 2017) using the intensity values for further statistical analysis. A 

global normalization of log2-transformed intensities across samples was performed using the median. 

Missing values were imputed using the algorithms imp4p (for partially observed values) and Lapala (for 

values missing on an entire condition). Differential analysis was done using the empirical bayes statistics 

limma. Sites with a p.value < 0.05 and a log2 ratio >1 or <-1 were defined as regulated. The FDR was 

estimated to be below 5% by Benjamini-Hochberg. 
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Autophagy measurement using the DsRed-LC3-GFP reporter 

Autophagy activity quantification was performed using a dual color fluorescent protein-tagged LC3 

reporter as previously described (Sheen et al., 2011). Retroviral plasmid containing cDNA dual color 

reporter was packed in retroviral vector and cells were transduced for 24 h followed by a selection with 

G418. After seven days of selection, high dsRed intensity cells were sorted to get a homogeneous 

population. Sorted cells were plated in 96 well plates, incubated for 24-32 h with rapamycin, chloroquine 

or DMSO, fixed in PFA 4% and subjected to confocal microscopy with a Leica TCS SP5 Confocal 

Microscope. Quantification of cell size, number, size and/or intensity of dsRed positive vesicles per cell 

were performed using Definiens software. 
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RESULTS 

USP9X is the only mutated gene shared by three chRCC temsirolimus-responder patients 

We performed WES in three different chRCC cases with high temsirolimus sensitivity and 

annotated the number of somatic variants (present in the tumor and absent in the germline) leading to non-

synonymous or loss-of-function (LOF) variants. In total, 367, 33 and 37 mutated genes were detected in 

the different tumors (Fig. 1; Suppl Table 1). Among these mutated genes, 22 were implicated in cancer 

according to the Cancer Gene Census (e.g. ATM, ERCC2, FANCD2, SPEN, TP53) and only one gene was 

involved in mTOR pathway regulation. Specifically, patient 1 carried two TSC2 mutations (c.5069-1G>C 

and c.3200_3201delinsAA, p.V1067E), as previously described (Maroto et al., 2018).  

We then identified mutated genes shared among the different tumors. As shown in Figure 1A, only 

one gene (USP9X) was mutated in the three tumors, while seven genes were found mutated in two tumors 

(CDRT1, FANCD2, MMP2, MUC21, PRB2, SIPA1L3, TP53). The mutations in USP9X, a gene located in 

the X chromosome, in patients 2 and 3 were loss-of-function (a nonsense mutation leading to p.Q2004* 

and a splicing site mutation c.3977+1G>T) and patient 1 a missense mutation (c.4401A>G, p.I1467M) 

predicted as possibly pathogenic by Polyphen2 and damaging by SIFT. Sanger sequencing confirmed the 

presence of these mutations in the tumors and absence in the peripheral blood of the patients (Fig. 1B). 

IHC revealed that the two tumors with loss-of-function mutations lacked USP9X protein expression 

while, as expected, the protein was detected in the tumor with the misssense variant (Fig. 1C). IHC in all 

available tumor tissues from Patients 2 and 3 and revealed a uniform lack of USP9X expression in all cancer 

cells along time, (biopsies, primary tumors and metastasis, before and after treatment; Suppl. Fig. 1), 

suggesting that USP9X mutations were early events during the evolution of these tumors. Since IHC was 

not informative to detect the somatic USP9X missense mutation in patient 1, Sanger sequencing was 

performed in all samples from this patient. Mutations in USP9X had similar allele frequencies in all samples 

tested, from treatment naïve primary tumor to post-treatment metastasis, showing a similar pattern to TSC2 

mutations. Contamination with normal cells may account for the relatively low frequencies of the mutations 

(Suppl. Fig. 2). 
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USP9X mutations in cancer  

To study USP9X mutational prevalence in chRCC, we collected 89 additional tumors enriched in 

metastatic cases. All these tumors showed a positive USP9X IHC staining and 3 of 84 cases with mutation 

data (3.6%) carried USP9X missense mutations with allele frequencies (AF) >0.6 (Suppl. Fig. 3A). A 

comparison of the mutations with the clinical characteristics of the patients did not reveal statistically 

significant differences in the stage, metastatic status nor survival of the patients. A comprehensive NGS 

and IHC characterization of the full chRCC series has recently been published (Roldan-Romero, Mod 

Pathol, in press). In the TCGA chRCC series 2 of 65 tumors (3.0%) were mutated in USP9X, with a 

missense and a frameshift variant of 0.30 and 0.35 AF, respectively.  

Regarding other neoplasia, among the 32 different tumor types from the TCGA Pan-Cancer Atlas 

study, USP9X mutations were found in 382 of 10953 patients (3.5%), with the most frequent mutation types 

being missense and truncating variants (75% and 24%, respectively, Suppl. Fig. 3C). In the Pan-Cancer 

series the tumors with higher rates of USP9X mutations, are uterine corpus endometrial carcinoma (16%), 

skin cutaneous melanoma (12%) and colorectal adenocarcinoma (6,5%).  

 

USP9X depletion increases sensitivity to rapamycin 

To investigate whether USP9X loss increases sensitivity to mTOR inhibitors, we depleted USP9X 

in HeLa cells through an inducible system using 3 different shRNAs. We also generated a renal cancer cell 

line model in 786-O cells through CRISPR/Cas9 strategy targeting exon 3 of USP9X and confirmed that 3 

clones with null USP9X protein expression had bialellic frameshift mutations in USP9X.. Treatment of the 

cells with rapamycin resulted in decreased cell viability in the USP9X depleted cells, with a similar effect 

in both HeLa and 786-O (Fig. 2A and 2B). We also treated wild type cells with WP1130, a partially selective 

deubiquitinase inhibitor for USP9X, USP24 and UCH37 that has shown potent activity against a variety of 

cancers. Combining rapamycin treatment with WP1130, significantly decreased cell viability by a greater 
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extent than each of the treatments alone (Fig. 2C). These data support that USP9X mutation is the cause for 

the increased temsirolimus sensitivity observed in the patients.  

To gain additional knowledge regarding the mechanism linking USP9X and mTOR inhibitors, 

western-blot analyses evaluating the activity of mTOR pathway in the USP9X-shRNA HeLa model, under 

normal growth conditions, starvation and stimulation, were performed. However, no differences in mTOR 

activity were detected in HeLa (Suppl. Fig 4) and 786-O cells (not shown). These results indicate that the 

increased sensitivity to rapalogs observed in cells lacking USP9X, cannot be explained by a direct effect in 

mTOR pathway but rather suggest synthetic lethality.   

 

USP9X modulates ubiquitylome 

The deubiquitinase USP9X has been reported as a ubiquitious protein, with multiple substrates 

involved in a wide variety of functions. Thus, to identify potential substrates of USP9X that may be 

involved in the sensitization to rapamycin, we analyzed global ubiquitin changes caused by USP9X 

depletion. We used the PTMScan assay, a method based on an immunoprecipitation of ubiquitinated 

peptides with an antibody that recognizes the diglycine remnant left motif left on ubiquitinated lysine 

residues after tryptic digestion (Udeshi et al., 2013), that allows to detect in an unbiased manner proteins 

with ubiquitin enrichment from the entire proteome of the cells. This approximation was applied to HeLa 

and 786-O cellular models to compare control and USP9X depleted cells, uncovering 144 and 52 

ubiquitinated peptides with a statistically significant differential expression in HeLa and 786-O cells 

USP9X depleted cells, respectively (Figure 3). An analysis by Gene Onthology (GO) showed that the most 

affected biological processes were macromolecule catabolic processes and cellular macromolecule 

catabolic process in HeLa, while in 786-O were regulation of signal transduction and regulation of response 

to stimulus .Regarding proteins with increased ubiquitination in both systems, SQSTM1/p62 (from hereon 

p62) peptides ubiquitinated in K264 were enriched in HeLa cells and those ubiquitinated in K435 and K157 

in 786-O cells. This two later residues, among other p62 sites, have been found overrepresented in a 
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melanoma cell line with USP9X silencing through shRNAs (Potu et al., 2017), supporting ubiqutinated 

upon USP9X depletion in diverse cancer cell models. (Supplementary Table 2).  

 

Proteasomal inhibition increases p62 polyubiquitination and sensitivity to rapamycin 

To validate that ubiquitinated p62 was increased in USP9X depleted cells, we performed p62 

immunoprecipitation and tested the molecular weight of the immunoprecipitated proteins obtained (Figure 

4A). Bands with higher molecular weight were detected with p62 antibody in USP9X depleted cells, 

suggesting high levels of polyubiquitinated p62.  

Proteasomal inhibition by bortezomib causes ubiquitin accumulation in a wide range of intracellular 

proteins (Peng et al., 2017; Mimnaugh et al., 2004) including p62, which is extensively ubiquitinated in 

several residues upon bortezomib treatment (Peng et al., 2017). We hypothesized that bortezomib-induced 

polyubiquitination could recapitulate the increased rapamycin sensitivity of the USP9X knock out cells. In 

fact, in a hepatocellular cellular model a combination of rapamycin with bortezomib has been shown to 

decrease cells viability further than these drugs alone (Wang et al., 2012). A global increase in total 

ubiquitin conjugate levels were observed in HeLa and 786-O wild type cells after incubation with 

bortezomib alone or in combination with rapamycin, while rapamycin alone did not have an effect. 

Interestingly, a higher molecular weight p62 band was detected upon bortezomib-induced accumulation of 

ubiquitinated proteins, in agreement with previous studies reporting p62 ubiquitination in these conditions 

(Figure 4B). Furthermore, treatment of HeLa and 786-O cells with bortezomib, significantly increased the 

sensitivity to rapamycin (Figure 4 C). 

 

Depletion of USP9X leads to an alteration in p62 foci and deregulation of autophagosomes formation  

p62 ubiquitination has been shown to regulate its dimerization and cargo-acceptor function during 

autophagy (Pan et al., 2016; Peng et al., 2017). To assess whether USP9X loss could alter autophagy, we 

characterized p62 status and the autophagosome marker LC3 in vitro by immunofluorescence. We used the 

fluorescent protein-tagged LC3, formed by dsRed-LC3-EGFP in a lentiviral expression plasmid, which 
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allows monitoring autophagy activation and autophagosome formation as previously described by Sheen 

JH et al (Sheen et al., 2011). As shown in Figure 5A and 5B, both p62 and LC3 vesicles were increased in 

USP9X KO cells.  

Quantification of the data in basal conditions, confirmed higher numbers and larger size p62-foci 

in USP9X depleted cells (Fig. 5C), supporting that p62 cluster formation, a key step towards encapsulation 

of cargo-ubiquitinated proteins in autophagosomes, is altered in the absence of USP9X.  

Similar results were found for LC3-positive vesicles, in this case showing also a significantly 

increased intensity of the vesicles (Fig. 5D). Treatment with rapamycin, which induces autophagy through 

mTOR inhibition, increased these differences in autophagy vesicles between control and USP9X depleted 

cells. Treatment with chloroquine, which avoids the completion of autophagosomes by lowering the pH 

and impairs autophagy, increased further the effect of USP9X depletion. Thus, the increased p62 and LC3 

puncta number and size detected in USP9X KO cells suggest autophagy inhibition, an effect that is 

exacerbated by rapamycin treatment (Runwal et al., 2019). 

 

DISCUSSION 

By performing a genomic mutational screening of three chRCC patients highly sensitive to mTOR 

pathway inhibitors, we identified the deubiquitinase USP9X as the only somatically mutated gene shared 

among the tumors. This served as the basis to propose a mechanism of synthetic lethality between USP9X 

and mTOR pathway, directly implicating USP9X in the regulation of p62 ubiquitination, autophagy 

dysfunction and tumor cell sensitization to mTOR inhibitors.  

USP9X is an ubiquitous and multifunction deubiquitinase involved in mitosis as a structural 

component of centrosomes (Dietachmayr et al., 2020; Kodani et al., 2019), in DNA repair (O'Dea and 

Santocanale, 2020), in ciliogenesis (Wang et al., 2019) and in lysosomal damage (Jia et al., 2020). 

Mutations in USP9X have been found among multiple tumor types at low frequency rate (Bailey et al., 

2018), with the highest proportion of mutations found in uterine tumors and melanoma (PanCan Atlas). In 

chRCC USP9X is mutated in 3% of tumors, however, we found that the three patients with a high mTOR 
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inhibitor sensitivity were mutated, supporting and association between the mutations in this gene and the 

response.  

Cell viability studies with USP9X depleted cells results on rapamycin sensitization recapitulating 

the effect observed in the patients. In this regards, the cell models used do not carry mutations activating 

mTOR pathway (e.g. in MTOR, TSC1, TSC2) and mimic the situation of Patients 2 and 3. In the case of 

Patient 1, one USP9X missense and two TSC2 inactivating mutations are present in the tumor, with variant 

allele frequencies that remained unaltered in four different tumor lesions obtained along 9 years of disease 

(Suppl Fig 2), suggesting early mutations during tumorigenesis. We already showed that these TSC2 

mutations confer a dependency of the tumor cells on mTOR pathway (Maroto P et al, 2018) and the 

presence of the USP9X mutation, would lead to a stronger synergic effect, explaining the exquisite 

sensitivity to temsirolimus observed in this patient. Treatment of the cell lines with WP1130, a partly 

selective deubiquitinase inhibitor directly acting on USP9X, USP5, USP14 and UCH37 (Kapuria et al., 

2010), increased rapamycin effects on cell viability, reinforcing the crosstalk between USP9X and mTOR 

pathway. Recently, WP1130 has been shown to mediate an increased sensitization to other drugs including 

doxorubicin, cisplatin or gemcitabine (Liu et al., 2015; Fu et al., 2017; Ma et al., 2018). Diverse 

mechanisms linked to USP9X were proposed to mediate this effect, such as p53 downregulation, autophagy 

inhibition or induction of an oxidative stress bulk. However, this effect could be mediated by inhibition of 

other targets different from USP9X.  

Despite some initial descriptions suggesting that USP9X was involved in mTOR pathway through 

regulation of Raptor levels under nutrient stimulation (Bridges CR, Sci Report, 2017), we could not confirm 

them in HeLa and 786-O. In addition, we did not find proteins related with mTOR complex in an unbiased 

ubiquitylome experiment directed to identify USP9X targets. Among the proteins with an enrichment of 

ubiquitinated residues and shared by both cell lines (n=22) we found Eps15 which has been shown to be a 

substrate of USP9X (Savio et al., 2016). This analysis revealed that USP9X mediated multi-site 

ubiquitination of p62. The identified residues differed between the two cell models used, with a previous 
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USP9X ubiquitilome analysis in a melanoma and a HeLa cell lines confirming p62 as a target (Savio et al., 

2016; Potu et al., 2017).  

Posttranslational modifications in p62 have been described to alter its function as a protein adaptor 

and signaling hub. These modifications include phoshorylations at Ser403 and Ser349 (Matsumoto et al., 

2011; Ichimura et al., 2013), proteolytic cleavage by Caspase 8 (Sanchez-Garrido, Sancho-Shimizu and 

Shenoy, 2018) and ubiquitination by NEDD4, TRIM21 and UBE2D2/UBE2D3 (Lin et al., 2017; Pan et 

al., 2016; Peng et al., 2017). Pan et al reported that ubiquitination of p62 in Lysine 7 impaired protein 

sequestration (Pan et al., 2016) and Peng et al showed multi-site ubiquitination of p62 involved on 

controlling selective autophagy (Peng et al., 2017). Furthermore, bortezomib exerts a robust effect on p62 

ubiquitination and a synergistic effect in combination with rapamycin has been described in in vitro models 

(Wang et al., 2012; Peng et al., 2017). We found a similar sensitization to rapamycin when combined with 

bortezomib in HeLa and 786-O. Indeed, immunoprecipitation of p62 reveales higher molecular weight 

bands in USP9X depleted cells, which is frequently seen in conditions of p62 polyubiquitination. These 

results suggest that USP9X loss leads to a p62 dysregulation that converges with mTOR pathway inhibition 

in autophagy signaling. 

Our immunofluorescence analysis unveiled higher size and number of p62 foci in USP9X depleted 

cells, which may be related with a dysregulation of p62 oligomerization, phase-condensation and/or 

aggregates formation, which are required for selective autophagy. Interestingly, larger p62 bodies have also 

been described in MEF ATG5 KO cells, where autophagy is compromised (Lee et al., 2017). This is 

supported by the analysis from dsRed-LC3 vesicles, which could indicate autophagy impairment (Runwal 

et al., 2019). Furthermore, rapamycin, which increases autophagy through mTORC1, intensified the effects 

of USP9X depletion, suggesting that cancer cells with impaired autophagy due to USP9X loss upon 

treatment with mTOR inhibitors will be unable to efficiently activate autophagy and result in cell death. 

In summary, our data support that USP9X deficiency in cancer cells, through tumor mutations or by 

pharmacological inhibition, result in a clinically exploitable synthetic lethal interaction with mTOR 

pathway inhibitors. Autophagy dysregulation via posttranscriptional modifications p62 is identified as a 
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distinct mechanism mediating USP9X effect. Thus, USP9X is not only a potential novel marker of mTOR 

inhibitor response, but represents a potential target to increase the vulnerability of cancer cells. 
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FIGURE LEGENDS 

Figure 1. Whole Exome Sequencing revealed USP9X as the only shared mutated gene. A) Venn 

diagram showing the number of mutated genes in each tumor. Filtering with the germline variants in the 

blood of each patient is applied, to retain only tumor-specific mutations.  B) Sanger sequencing validation 

of the somatic variants. C) IHC images for USP9X protein in the tumor tissue of the three patients. HAP1 

wild type (WT) and HAP1 Crisper/cas9 USP9X knockout (KO) cell line were used as a control for the IHC.  

 

Figure 2. Targeting USP9X genetically or chemically increases rapamycin sensitivity in HeLa and 

786-O cell lines. A) Western blot from whole cell protein extracts prepared from HeLa cells expressing 

doxycycline‐inducible shRNAs targeting USP9X (sh #1, sh #2 and sh #3) or a non-target shRNA (sh NT) 

or three different 786-O clones edited with CRISPR/Cas9 to knockout USP9X (USP9X KO1, KO2, KO3) 

or 786-O wild type cells (WT). B) Cell viability of Hela and 786-O cell control or USP9X depleted cells 

treated with rapamycin. C) Cell viability in HeLa cells or 786-O control cells treated with rapamycin 

(Rapa), the USP9X inhibitor WP1130 (750nM for HeLa and 500nM for 786-O) or a combination of both. 

 

Figure 3. Global ubiquitinome analysis reveals SQSTM1/p62 as a substrate of USP9X.  Ubiquitinated 

peptides upregulated (Up) or downregulated (Down) in USP9X depleted versus control cells are shown in 

Volcano-plots. Ubiquitinated proteins with statistically significant differential expression (≥1.0-fold 

change, FDR ≤0.01) are represented with red and green dots for increased expression (direct substrates) 

and decreased expression in USP9X depleted cells, respectively. A) Results for HeLa cells after seven days 

of doxycycline induction using USP9X sh #1, #2 and #3 or of a non-target shRNA. The total number of 

ubiquitinated peptides detected was 1153 among which 238 had a significantly altered expression. B) 

Results for 786-O USP9X knockout clones (KO1, KO2, KO3). The total number of ubiquitinated peptides 

detected was 942 among which 96 had a significantly altered expression. 
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Figure 4. Ubiquitinated p62 is accumulated in USP9X depleted cells and in cells treated with 

bortezomib which exhibit increased rapamycin sensitivity. A) Western blot of p62 of 

immunoprecipitated proteins in USP9X depleted and wild type cells revealed higher p62 molecular weight 

bands of in knock out cells. B) Treatment with 3nM of bortezomib and/or 1µM of rapamycin in HeLa (24h) 

and 786-O (20h) wildtype cells promoted global accumulation of ubiquitin conjugates. C) Bortezomib 

(3nM for 72h) or (4nM for 48h) in HeLa and 786-O wild type cells, respectively, increases rapamycin 

sensitivity. 

 

Figure 5. Immunofluorescence of p62 and dsRed-LC3 expression in HeLa cell line. A) 

Immunofluorescence of p62 and B) ds-Red LC3 expression in HeLa wildtype (WT) and USP9X knock-out 

cells. C) Quantification of p62 immunofluorescence or D) dsRed-LC3 expression in cells under basal 

conditions or after rapamycin (5µM) and chloroquine (30µM) treatment.  
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SUPPLEMENTARY METHODS. Additional clinical information from Patients 1, 2 and 3, 

immunoblotting and ubiquitinome methods. 

SUPPLEMENTARY TABLES 

 

Supplementary Table 1. List of somatic variants leading to non-synonymous coding or loss-of-

function (LOF) variants in patients 1, 2 and 3. Variants with allele frequencies above 0.10 and with at 

least two reads supporting the alternative allele were considered.  

Supplementary Table 2. Quantitative K-ɛ-GG site analysis for HeLa and 786-O control and USP9X 

depleted cells. Log2-transformed intensities for each ubiquitinated peptide across samples was obtained 

using the median of 2 determinations for the control cells and each of the shRNAs or KO clones used with 

2 technical replicates in all determinations. Not shown in this thesis due to the large scale of the dataset. 

 

SUPPLEMENTARY FIGURES 

 

Supplementary Figure 1. USP9X IHC in tumor samples along time from the three patients with 

WES. A) Patient 1 has a positive IHC staining, in agreement with p.I1467M missense mutation, in the 

primary tumor and lymph node metastasis. B) Patient 2 (p.Q2004*) presented negative IHC staining in all 

tumor cells in the pre-treatment and post-treatment samples analyzed. C)  Patient 3 (splicing defect 

c.3977+1G>T) presented negative staining in all tumor cells in the pre-treatment and post-treatment 

samples analyzed. Black arrows indicate non-tumor cells with positive staining.  

 

Supplementary Figure 2. The allele frequencies of USP9X and TSC2 somatic mutations from 

Patient 1 remain constant along time. Sanger sequencing showing Patient 1 USP9X c.4401A>G, TSC2 

c.5069-1G>C and TSC2 c.3200_3201delinsAA mutations, in different tumor samples corresponding to 

primary tumor pre-treatment, primary tumor post-treatment and two metastasis. The year or surgery of the 

different lesions is shown in brackets. 

 

Supplementary Figure 3. USP9X mutations have a uniform distribution along the gene. USP9X 

somatic mutations are represented along the protein with the ubiquitin C-terminal hydrolase (UCH) 
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domain indicated as a green box. A) Mutations found in 84 chromophobe RCC patients described by 

Roldan-Romero (Roldan-Romero JM, Modern Pathol, in press). B) Mutations in 65 chromophobe RCC 

tumors from TCGA-KICH, C) Mutations in PanCancer TCGA study including 10967 tumor samples 

(10953 individuals) across 32 tumor types. 

Supplementary Figure 4. Western blot analysis of USP9X depleted cells shows no major alteration 

in mTOR pathway. HeLa cells expressing doxycycline‐inducible shRNAs targeting USP9X (sh #1, sh 

#2) or a non-target shRNA (sh NT) were cultured in basal conditions (DMEM 10% FBS) (Basal), 

doubled starved (16h without FBS plus 1h in PBS) (Starvation) or stimulated with DMEM 20% FBS after 

doubled starved (Stimulation).  

Supplementary Figure 5. Scatter plot showing the fold changes in ubiquitinated peptides expression 

in control versus USP9X depleted cells in HeLa and 786-O cellular models.  

  



145 
 

 

 

Su
p

p
le

m
en

ta
ry

 T
ab

le
 1

 



146 
 

 

 

Su
p

p
le

m
en

ta
ry

 T
ab

le
 1

 



147 
 

 

 

Su
p

p
le

m
en

ta
ry

 T
ab

le
 1

 



148 
 

 

 

Su
p

p
le

m
en

ta
ry

 T
ab

le
 1

 



149 
 

 

  

Su
p

p
le

m
en

ta
ry

 T
ab

le
 1

 



150 
 

 

 

Su
p

p
le

m
en

ta
ry

 T
ab

le
 1

 



151 
 

 

 
 

  



152 
 

 

 

  



153 
 

 

 

  



154 
 

 

SUPPLEMENTARY METHODS 

Patients 

The first patient (14T205) was a woman diagnosed with a chRCC with retroperitoneal adenopathies 

and metastatic lesions in femur and lungs at 34-years old. After 15 months of temsirolimus treatment the 

renal tumor volume decreased by 80% and there was a complete response in all metastatic lesions. 

Nephrectomy was performed and the patient continued temsirolimus treatment for 39 months during which 

she was disease free. Twenty months after stopping temsirolimus a retroperitoneal lymp node metastasis 

appeared and was removed by surgery. Thirty eight months later a femur metastasis was detected and 

temsirolimus treatment was started. Thirteen months later a complete response was obtained. The patient 

stopped temsirolimus treatment after 13 months and she is currently disease free, 13 years after the initial 

diagnosis. A detailed description of the initial response to temsirolimus has been published (REF=Maroto).  

The second patient (14T206) was a 49 years old man diagnosed with chRCC and that 15 years after 

nephrectomy developed a retrovesical/ perirectal mass confirmed to be chRCC.  After partial exeresis of 

the tumor the patient started temsirolimus treatment. Radiologic response was observed by pelvic NMRs, 

and temsirolimus treatment continued for 23 months. At that point complete resection of the lesion was 

achieved, and local radiotherapy was applied. WES was performed on this resected tumor. At the time of 

publication, 55 months after the surgery, the patient is disease free and on clinical follow-up.  

The third patient (15T14) was a 68 years old woman that underwent nephrectomy and local 

radiotherapy due to a pT3a grade 4 chRCC. Forty two months later a retroperitoneal lymph node metastasis 

was detected, after 9 months of sunitinib treatment retroperitoneal adenopathies were resected. One year 

later new retroperitoneal adenopathies were detected with a slow growth and emergence of new 

adenopathies. Temsirolimus treatment started and achieved a partial response (35% reduction in tumor size, 

at 4 months of treatment) but toxicity required dose reduction, and then suspension of temsirolimus after 1 

year of treatment. Eleven months later, after increase in adenopathies size, surgery, local radiotherapy and 

retroperitoneal progression, temsirolimus treatment re-started with dose-adjustment for toxicity. 



155 
 

 

Temsirolimus was administered for 14 months achieving a stabilization of disease, but treatment stopped 

due to toxicity.  

 

Immunoblotting 

Cells were washed two times in PBS and lysed with RIPA buffer supplemented with proteases and 

phosphatases inhibitors (1 h at 4°C). 30 µg of protein extracts were subjected to SDS-PAGE 

electrophoresis, transferred to PDVF membrane and phospho- and total proteins were detected using the 

antibodies in the table below. Signal was detected with on a ChemiDocTM MP Imaging System (BioRad) 

machine using HRP-bounded secondary antibodies and Luminata Classico Western HRP Substrate 

(Milipore) or SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Scientific).   

Protein Origin Mono/poli Reference Company 

GAPDH Mouse Monoclonal FF26A CNIO Monoclonal antibody Warehouse 

USP9X Rabbit Monoclonal ab19879 Abcam 

pS6K1 Thr 389 Rabbit Monoclonal #9234 Cell Signaling 

Total S6K1 Rabbit Monoclonal #9202 Cell Signaling 

pS6 Ser235/236 Rabbit Monoclonal #2211 Cell signaling 

Total S6 Mouse Monoclonal #2317 Cell Signaling 

Akt Ser 473 Rabbit Monoclonal #4060 Cell Signaling 

Raptor Rabbit Monoclonal #2280 Cell Signaling 

p62 SQSTM1 Mouse Monoclonal  Clon 3 BD Biosciences  

LC3B Rabbit Monoclonal  #2275 Cell signaling 

Ubiquitin Rabbit Polyclonal #3933 Cell Signaling 

 

 

K-ε-GG profiling and proteome analysis by liquid chromatography–mass spectrometry (LC-MS) 

Sample preparation. Cells were collected after washing two times in PBS. Pellets were lysed in cold lysis 

buffer (8 M urea, 50 mM Tris, pH 8, and 150 mM NaCl) plus protease inhibitors (Roche Applied Science). 

The lysate was cleared by centrifugation at 20,000g for 10 min at 4 °C. 1 mg of total protein was used per 

condition. Proteins were reduced for 1 h with 1 mM DTT at 40 °C and subsequently alkylated for 30 min 

with 5.5 mM 2-chloroacetamide (Sigma) at RT in the dark. Lysates were diluted 1:1 with 50 mM Tris HCl, 

pH 8, and proteins were digested for 2 h with Lys-C from Acromobacter lyticus M497-1 (Wako) 
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(enzyme/substrate ratio of 1:100) at 25 °C. Samples were further diluted 1:5 with 25 mM Tris, pH 8, and 

proteins were digested overnight at 37 °C with sequencing-grade trypsin (Promega). Digests were quenched 

with TFA, and the peptide solutions were cleared by centrifugation. Peptides were desalted with 50 mg C18 

SepPak SPE cartridges (Waters). Samples were dried completely with vacuum centrifugation. 

Immunoprecipitation of di-Gly–containing peptides. Enrichment of K-ε-GG peptides was performed with 

the PTMScan ubiquitin remnant motif (K-ε-GG) kit (Cell Signaling Technology, cat. no. 5562) containing 

anti–K-ε-GG antibody cross-linked to protein A beads. Digested proteins were resuspended in 750 μl of 

immunoaffinity purification (IAP) buffer (50 mM MOPS, pH 7.4, 10 mM Na2HPO4, and 50 mM NaCl) 

and centrifuged at maximal speed for 5 min. Enrichment was completed as previously described71. The 

supernatants were mixed with 20 μl of anti–K-ε-GG antibody beads and incubated for 1 h at 4 °C with 

rotation. Beads were washed twice with 1 ml of ice-cold IAP buffer, and this was followed by three washes 

with ice-cold PBS. K-ε-GG peptides were eluted from the antibody with 2 × 50 μl of 0.15% TFA. For 

proteome analysis, 1% of the flow through from each IAP was used. Samples were desalted with StageTips 

conditioned by washing with 50 μl of 50% MeCN/0.1% formic acid (FA) followed by 2 × 50 μl of 0.1% 

FA. Samples for K-ε-GG and proteome analysis were loaded on StageTips, washed twice with 50 μl of 

0.1% FA and eluted with 50 μl 50% MeCN/0.1% formic acid (FA). Eluted peptides were dried completely 

with vacuum centrifugation. Samples were reconstituted in 3% MeCN/0.1% FA. 

Mass spectrometry analysis. All samples were analyzed with an LTQ-Orbitrap Velos mass spectrometer 

(Thermo Scientific) coupled to a nanoLC Ultra system (Eksigent) equipped with a nanoelectrospray ion 

source (Proxeon Biosystems). For K-ε-GG and proteome samples, 5–10 μl and 5–20 μl, respectively, were 

injected into the mass spectrometer. Samples were loaded onto a reversed-phase C18, 5 μm, 0.1 × 20 mm 

trapping column (NanoSeparations) and washed for 15 min at 2.5 μl/min with 0.1% FA. Peptides were 

eluted at a flow rate of 300 nl/min onto a homemade analytical column packed with ReproSil-Pur C18-AQ 

beads, 3 μm, 75 μm × 50 cm, heated to 45 °C. Solvent A was 4% ACN in 0.1% FA, and solvent B was 

acetonitrile in 0.1% FA. For K-ε-GG analysis, the following gradi-ent was used: 0–2 min, 2% B; 2–103 

min, 6–35% B; 103–103.5 min, 35–98% B; 103.5–113.5 min, 98% B; and 114–120 min, 2% B. For 
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proteome analysis, the following gradient was used: 0–2 min, 2% B; 2–133 min, 6–30% B; 133–133.5 min, 

30–98% B; 133.5–143.5 min, 98% B; 144–150 min, 2% B.  

The MS acquisition times used for each K-ε-GG and proteome sample were 120 min and 150 min, 

respectively. The LTQ Orbitrap Velos was operated in data-dependent mode. The spray voltage was set to 

1.8 kV, and the temperature of the heated capillary was set to 325 °C. The MS survey scan was performed 

in the FT analyzer, scanning a window between 350 and 1,500 m/z with a resolution of 60,000 FWHM at 

m/z 400. The m/z values triggering MS/MS with a repeat count of 1 were placed on an exclusion list for 60 

s. The minimum MS signal for triggering MS/MS was set to 800 counts. In all cases, one microscan was 

recorded. The 15 most abundant isotope patterns with charge ≥2 from the survey scan were sequentially 

isolated with an isolation window of 1.5 m/z and fragmented in the linear ion trap (LTQ) by collision 

induced dissociation (CID) with a normalized collision energy of 35%. The Q value was 0.25, and the 

activation time was 10 ms. Maximum ion injection times for the survey scan and the MS/MS scans were 

500 ms and 100 ms, respectively, and the ion target values were set to 1 × 106 and 5,000, respectively, for 

each scan mode.  

Mass spectrometry data analysis. Both K-ε-GG–enriched data and proteome data were processed with the 

MaxQuant (version 1.5.1.2) package. Peak lists were searched against a human database (SwissProt 

canonical, 20,187 sequences, February 14 2014 release), and Andromeda was used as a search engine. The 

enzyme specificity was set to trypsin, the maximum number of missed cleavages was set to two, the 

precursor mass tolerance was set to 20 p.p.m. for the first search, and the tolerance was set to 6 p.p.m. for 

the main search. Carbamidomethylation of cysteines was searched as a fixed modifi-cation, and addition of 

glycine-glycine to lysine, oxidation of methionines and N-terminal acetylation of proteins were searched 

as variable modifications. For identification, the minimum peptide length was set to six, and the false 

discovery rate for peptide, protein, and side chain identification was set to 1%. Only peptide identifications 

with K-ε-GG localization probabilities ≥0.75 and score differences ≥5 were considered. In addition, 

diglycine sites localized to a C-terminal lysine residue of a peptide were considered to be false positives 

and were manually removed from the data set. Log2 ratios between the intensities of quantified UQ sites 
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were estimated for USP9X-depleted/Wildtype. Global protein expression levels were used to normalize 

changes in the abundance of ubiquitin sites (log2 protein-normalized K-ε-GG (USP9X-depleted/Wildtype).   

 

 

 

  



160 
 

 

DISCUSSION. 
 
The development of predictive biomarkers for cancer treatment can represent the differential 
step towards the consecution of personalized medicine in cancer. Despite the different treatment 
options in RCC and that some clinical trials have suggested histology-dependent drug benefits, 
the distinct genomic alterations among RCC subtypes and within each histologic subtype, are 
currently not used for treatment selection. An additional complexity level is the intra-tumor 
heterogeneity observed in RCC. Front-line RCC treatments with anti-VEGF therapy or 
immunotherapy, and second/third-line treatments including mTOR inhibitors are based on the 
average results of the whole population included in the clinical trials. However, for all these drugs 
only a fraction of patients responds. This highlights the need to discover molecular markers of 
response and later on to validate them in  clinical trials. 
 
Regarding mTOR inhibitors, extreme responder patients in RCC and in other cancer types support 
a link between mutations activating mTOR pathway and mTOR inhibitor therapy response, 
independently of the histologic subtype. The predictive value of this association remains to be 
established in large series of treated patients. Recent efforts in two large series of RCC patients 
obtained different results for mutations in mTOR pathway, and the later proposed PTEN IHC as 
novel marker (Kwiatkowski et al, Clin Cancer Res, 2016, Voss MH et al, Clin Cancer Res, 2019). 
However, further research and clinical trials will be needed to confirm a clinical utility for the 
mutational status of the three key genes of mTOR pathway (MTOR, TSC1, TSC2), for PTEN IHC 
staining and for our newly proposed response marker USP9X, to predict mTOR inhibitor response 
and, ultimately, provide with a rationale for drug treatment selection in RCC.   
 
Unquestionably, NGS is a key tool in the path of personalizing the treatments of RCC and other 
types of cancers. In this respect, it provides with crucial information regarding the genomic 
alterations characteristic of the different tumors, allowing to classify them depending on their 
driver and secondary mutations and stressing the differences between each tumor, even within 
the same histology. In addition, large intrinsic intratumor heterogeneity in ccRCC has been 
detected through high-depth sequencing and/or multiregion sequencing (Mitchel TJ et al, Cell, 
2018). Thus, growing data supports the incorporation of NGS in the decision-making process of 
therapy selection in oncology. This is a powerful and increasingly cheaper tool that is becoming 
more accessible in interdisciplinary collaborative networks. This, together with the continuous 
growth of genomic information, has the potential to identify patients that could benefit from 
specific treatments, avoiding drug ineffectiveness and costs overrun in health systems, with the 
horizon of improving patients’ overall survival.    
 
This Thesis aimed to meet the urgent need to identify predictive markers of response in RCC and 
to discover novel potential therapeutic targets in minor/rare forms of this tumor, which lack 
alterations in the canonical hypoxia pathway targets characteristic from the clear cell subtype. 
For these purposes, we applied different strategies to discover and characterize tumor genetic 
alterations, and compared them with the response of the patients or, in the case of chRCC, we 
identified potential targetable pathways. To this end, establishing a collaborative clinical network 
involved in research has been fundamental.  
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First, we focused on individual RCC patients who experienced extraordinary responses to mTOR 
inhibitors. For these individual cases, WES was the genetic methodology selected, since it is able 
to detect most of the gene coding alterations present in a sample.  
 
Next, to study the predictive value of these mutations as markers of mTOR inhibitors response, 
we collected a large series of patients that received these agents in different lines of treatment, 
representing a heavily pre-treated real-life cohort. These cases were analysed through a NGS 
panel targeting relevant genes and through IHC.  
 
To characterize the genomic landscape of chRCC and to investigate if common alterations, such 
as mTOR pathway mutations, could have clinical value, we analysed the so far largest cohort of 
this rare RCC subtype. This analysis was carried out through a NGS panel and IHC staining directed 
to mTOR pathway and relevant cancer genes.  
 
Finally, to identify new genes involved in rapalog response, we used an extreme phenotype 
strategy, studying three chRCC cases with high sensitivity to temsirolimus by whole exome 
sequencing, and revealing USP9X as a novel candidate gene. To validate its relevance in mTOR 
inhibitor response and to identify the subjacent molecular mechanism, different cellular models 
and functional studies were performed.  
 
Despite the evidences provided throughout this Thesis, further research studies are needed to 
confirm the associations found and to determine the clinical impact of the identified potential 
predictive markers through clinical trials.  
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1. Role of mutations in mTOR pathway key components in patients with extraordinary 
response to temsirolimus (Articles 1 and 2).  
 
Across the treatments currently available for RCC patients, mTOR inhibitors are approved for 
front-line treatment in poor-risk patients, or as subsequent treatment lines after treatment 
failure with other drugs in all RCC histologies (Hudes et al., 2007; Motzer et al., 2010a). However, 
patients treated with mTOR inhibitors show a high variability in treatment response which cannot 
be predicted in advance (Tannir et al., 2016; Voss et al., 2014a; Koh et al., 2013; Armstrong et al., 
2016). 
  
In other tumor types, response to mTOR inhibitors has been linked to activating mutations in 
genes forming the mTOR axis (Iyer et al., 2012; Wagle et al., 2014a; Wagle et al., 2014b). In RCC, 
around 5-10% of tumors harbor mutations in the core mTOR pathway genes MTOR, TSC1 and 
TSC2. Specifically, 9% of chRCC and ccRCC and 5% of pRCC tumors harbor mutations in these 
three genes (Pan-Cancer; point mutations). Furthermore, if PTEN alterations are included, in 
chRCC about 20% of tumors have this pathway altered. These high number of alterations could 
indicate a tumor dependency on this pathway and increased sensitivity to mTOR inhibitors.  
 
In ccRCC it has been proposed that only when mTOR mutations are early events during tumor 
evolution (i.e. present in all cancer cells in a homogenous manner), they could confer high 
sensitivity to rapalogs. This has been recently supported by the high intra-tumor heterogeneity 
profile displayed by ccRCC (Mitchell et al., 2018; Turajlic et al., 2018b; Turajlic et al., 2018a), 
where subclonal mutations in MTOR, TSC1 and TSC2 have been shown to be more frequent than 
truncal/early events (Turajlic et al., 2018b).  
 
In Article 1, the MTOR activating mutation detected in our ccRCC case seemed to be an early 
event, as revealed by the multiregion sequencing analysis performed in the primary tumor and a 
distal metastasis. Regarding Article 2, it describes an extraordinary response to temsirolimus in 
chRCC, for which low mutational burden has been described, but for which little is known about 
intratumor heterogeneity. In this case, we found two TSC2 somatic mutations present in the 
primary tumor and also in a metastasis, similarly to patient 1.  
 
Thus, our two extraordinary responder cases, although belonging to different RCC subtypes, 
support the concept that early mutations activating mTOR pathway are critical to predict 
response to rapalogs. Patient 1 represents a rare ccRCC case in which multiregion sequencing 
found an MTOR mutation in the three different portions of the primary tumor and in a skull bone 
metastasis developed seven years after initial diagnosis, with allele frequencies similar those 
from VHL and BAP1 driver events. This data, together with the sustained response of the patient 
to the mTOR inhibitor temsirolimus, suggests MTOR as a clonal event. Interestingly, the bone 
metastasis, developed under treatment seven years after initial diagnosis, suggested that a 
resistance mechanism had emerged. However, neither WES nor sequencing of MTOR intronic 
regions could identify any acquired mutation potentially associated with the resistance, and 
pointing that other mechanisms of resistance may be involved (e.g alterations in gene expression 
levels, gene rearrangements). Furthermore, strong positive IHC staining of phospho ERK was 



163 
 

 

observed in the metastatic sample, suggesting a potential role of ERK pathway. In patient 2, the 
presence of two mutations in TSC2 in the primary tumor and in a distal metastasis developed two 
years after treatment with temsirolimus stopped, also points out that they were clonal events, 
developed early in the tumor. 
 
In these two studies, we performed a functional dissection of the effect of the somatic mutations 
through IHC for downstream effectors of mTOR pathway. Furthermore, we characterized the 
effect of the novel variants through functional assays in adequate cellular models. However, the 
high costs, in terms of time and funding, required to assay every novel variant of unknown 
significance, stresses the need of finding alternative markers to assess the effect of novel variants 
on mTOR pathway activation and emphasizing the relevance of creating large genetic databases 
with annotated mutations. 
  
In this respect, missense mutations located in the FAT or kinase domains of MTOR gene 
frequently activate the pathway, while mutations in other domains of the protein are usually 
passenger mutations of unknown consequences that should be tested in vitro (Voss et al., 2014b; 
Grabiner et al., 2014; Voss et al., 2016). Indeed, some studies, by measuring the effect on pS6K1 
and pS6 downstream effectors, have performed a wide in vitro screening of the MTOR mutations 
reported across different tumor types (Grabiner et al., 2014), describing whether the mutations 
showed as phenotype mTOR activation or not. The mutations in TSC1 and TSC2 suppressor genes 
that lead to activation of mTOR pathway are those causing loss of function (e.g. frameshifts or 
stop gains are considered pathogenic mutations). In addition, databases of patients with TSC1 
and TSC2 germline mutations with disease manifestations of TSC, are a good source of 
information to classify missense variants.   
 
Remarkably, in our two studies, IHC for phospho S6 was consistent with mTOR pathway 
activation, supporting the use of this staining as marker of mTOR pathway activation. Thus, 
positive pS6 IHC could indicate the presence of activating mutations. Yet, validation of pS6 IHC 
as marker of mTOR pathway activation and, potentially, of improved therapeutic response to 
rapalogs, must be confirmed in large cohorts of independent patients.  
 
In summary, these two articles found novel somatic mutations in MTOR and TSC2, homogenously 
present in all tumor cells and able to efficiently activate mTOR pathway. This supports, in two 
different histological subtypes of RCC, a link between these clonal mutations an improved rapalog 
response in patients. In addition, our results suggest that pS6 IHC should be further investigated 
as surrogate for mTOR pathway activation, as it could indicate treatment sensitivity. Ultimately, 
the predictive value of mTOR pathway mutations has to be established in large cohorts of treated 
patients, before implementing the use of mTOR pathway gene sequencing as tool to guide RCC 
treatment.  
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2.  Mutations in MTOR, TSC1 and TSC2 and PTEN protein expression as response markers to 
rapalogs in renal cell carcinoma (Article 3).  
 
Although extraordinary response cases are useful sources of information to identify predictive 
biomarkers, these reports are biased towards selected positive cases present in the literature. 
Large series of RCC patients treated with mTOR inhibitors are needed to establish the value of 
these mutations as markers of response. Performing such a study was the following objective of 
our Thesis focusing on mutations in MTOR, TSC1 and TSC2 genes in a large cohort of RCC patients.   
 
Only three studies with large and homogenous series of treated patients have been published so 
far. The first study was performed by the Dana-Farber Cancer Institute, the second by the 
Memorial Sloan Kettering Cancer Centre and the third is Article 3 of this Thesis. 
 
The first study with 79 RCC cases selected from clinical trials, found that somatic mutations in 
MTOR, TSC1 and TSC2 were more common in patients who experienced partial response (PR) 
from rapalogs than in those with rapid progression (Kwiatkowski et al., 2016). It is important to 
highlight that the association was lost when other genes were added to the statistical algorithm.  
 
At this point, we performed a preliminary analysis including 45 RCC patients from our database 
and treated with rapalogs. This initial study suggested an agreement with the results from 
Kwiatkowski et al (Roldan-Romero et al., 2017). In view of these results, we decided to extend 
our series and perform a larger association study. To address this challenge, the Spanish Oncology 
Genitourinary Group (SOGUG) and the Hospitals of Leuven joined efforts to perform an 
observational study in RCC, representative of real-world metastatic patients receiving mTOR 
inhibitors.  
 
During the progress of this Thesis, the Memorial Sloan Kettering Cancer Centre published a 
second study (Voss et al., 2018a), which failed to replicate the association between mutations in 
MTOR, TSC1 and TSC2 and rapalog response, but found an association between negative 
expression of PTEN by IHC and better patients’ response.   
 
In our study, we provided with novel data supporting the two markers and proposed their 
combination to predict rapalog response. We found that PR was more frequent in patients with 
mTOR pathway mutations than in wild type cases, and that tumors with negative PTEN IHC 
staining occurred more frequently in rapalog responder patients. Furthermore, it is important to 
highlight that the combination of these two markers improved the response prediction. 
 
To try to explain the different results obtained in these reports is it worth mentioning that there 
are important differences among the three studies, in terms of patient selection and mutational 
rates.  
 
First, one third of patients from Kwiatkowski et al study came from a clinical trial (Hudes et al., 
2007) and a requisite for eligibility was that patients had responded or rapidly progressed upon 
mTOR inhibitor treatment, thus, focusing on the cases with more extreme responses to rapalogs. 
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The RCC patients from Voss et al study belonged to the RECORD-3 phase III clinical trial 
(NCT00410124;(Voss et al., 2018a)) that compared responder patients (formed by patients with 
complete response (CR), partial response (PR) or stable disease (SD) with no tumor growth) 
versus non-responder patients (those with progression of disease (PD) and stabilization of 
disease (SD) with any tumor growth). They also performed progression free survival (PFS) 
analysis. In contrast, our series derived from an observational multicenter study in which no 
patient selection was applied, including no restriction regarding the rapalog response or 
treatment, and included patients from Spain and Belgium.  
 
Second, while patients from Kwiatkowski et al and Voss et al studies were recruited by clinical 
trials and mainly treated in first line with mTOR inhibitors, our series was a heavily pre-treated 
cohort of patients, representing current clinical situation for mTOR inhibitor therapy. In addition, 
the cohort from Kwiatkowski et al had an overrepresentation of poor-risk patients (36%), while 
the cohorts from Voss et al and ours had lower number of poor-risk patients (10%).  
 
Finally, regarding the mutations in mTOR pathway genes, Kwiatkowski et al and Voss et al found 
different mutational rates in their cohorts. While the first study found a surprisingly high number 
of mutations in TSC1 (13%), the second found similar mutation frequencies in TSC1, TSC2 and 
MTOR genes (6%, 4% and 8%, respectively), which is in contrast with TCGA ccRCC series (0.5%, 
1% and 8%). Mutation frequencies from our study showed similar results than those in TCGA (1%, 
2% and 8%). In all the series the proportion of RCC histologies was similar, with ccRCC being the 
most common subtype, thus, differences in RCC subtypes can be ruled out as a potential 
confounder. 
 
The different mutational rates found between each series may be explained by several factors. 
For instance, the enrichment on TSC1 variants in Kwiatkowski et al study could be due to poor 
curation of NGS data (e.g. artifacts derived from the FFPE samples). One the other hand, 
misclassification of the variant pathogenicity could explain the high percentage of TSC1 and TSC2 
mutations by Voss et al. In our study, we extracted DNA from whole sections in tumors with more 
than 70% of tumor cells, and in samples with low purity the material was extracted from cylinders 
taken in distinct parts of the tumor block. Kwiatkowski et al reported tumor purity >50%, while 
Voss et al did not report tumor purity but corrected the results with adjacent normal tissue, and 
TCGA used material with >60% of tumor purity. All samples were formalin-fixed paraffin 
embedded (FFPE) except for those from TCGA, which were frozen samples. Furthermore, the 
studies were carried out using different NGS panels and designs, rendering differences in 
coverage and quality of sequencing.  
 
When response was analyzed, comparing patients with PR as best response versus those with 
early PD, a significant enrichment in mutations in the three genes was found in Kwiatkowski et al 
and in our study. However, this association was lost when SD patients were included in the 
analysis, and Voss et al, who included all treated patients in their analysis, did not find an 
association with rapalog response, neither when analyzing RECIST response nor PFS. This 
suggests that the effect of the mutations is moderate, and that it can only be detected in patients 
with more extreme responses.   
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Furthermore, both Kwiatkowski et al and our study, reported that some patients with mTOR 
pathway mutations did not respond, while in some responder patients no mutations were 
detected. This complex of this association may be explained by the presence of alternative genes 
with an important impact on the response but still unidentified, or by intratumor heterogeneity. 
In agreement with this later notion, the best responder patient included in our series was the 
case report previously described in Article 1, a case with an early MTOR mutation detected in the 
three tumor regions and metastasis (Rodríguez-Moreno et al., 2017) with a PFS of 89 months. 
The next best responders with mutations, were a patient with an inactivating mutation in TSC1 
with PFS of 21 months and other patient with a mutation in MTOR and 9 months PFS. 
Unfortunately, from these patients we did not have access to multiple tumor samples to 
determine if the mutations were present in the metastatic sites. 
 
TRACERx studies support that mTOR pathway mutations can be both subclonal and clonal events 
in ccRCC (Mitchell et al., 2018), and subclonal mutations detected in primary tumors but not 
present in the metastatic clones could explain patients with detectable mutations but not 
responding to mTOR inhibitor treatment. In our study we were able to perform multiple region 
sequencing (in two to four tumor regions) in only a limited subset of cases (n=14), finding 
concordant mutations.  
 
As mentioned before for Kwiatkowski et al study, adding to the analysis point mutations in other 
genes related with PI3K/mTOR pathways, such as PTEN, the association with rapalog response 
was lost. Voss et al examined PTEN expression status by IHC and found a high proportion of 
tumors with negative staining for PTEN (50%), much higher than cases with PTEN point 
mutations, and found that this IHC was associated with response to mTOR inhibitor treatments. 
Our study replicated both results: a similar portion of negative PTEN IHC staining (58%) and the 
association with response. How PTEN is negatively regulated in such a large proportion of 
samples without mutations, needs to be addressed. Mechanisms as methylation or miRNA 
regulation would be of interest to be explored as potential regulators of PTEN expression.  
 
IHC is a fast and easily accessible technique able to characterize molecular alterations in tumors, 
and which could potentially avoid costly functional experiments for variants of unknown 
significance. For this reason, we studied whether mTOR downstream effectors, detectable 
through IHC, could be surrogate markers of mTOR pathway activation and, ultimately, rapalog 
response. Thus, in addition to PTEN, we studied other effectors of mTOR pathway, such as 
phospho S6K1 (Thr 389) and phospho S6 (Ser 235/236), and compared these results with those 
from the protein expression by Reverse Phase Protein Assay (RPPA) from TCGA ccRCC.  
 
We did not find an association between the IHC markers assayed and the response to therapy, 
but we found a higher proportion of positive IHC for pS6 in mTOR pathway mutated cases, a 
tendency confirmed in TCGA cohort. Moreover, in our series, although no significant, cases with 
positive pS6K1 IHC staining were more frequent in cases with loss of PTEN protein expression. 
This association was confirmed in the TCGA (P=0.0026), suggesting that low expression of PTEN 
protein could be affecting mTOR pathway regulation. Voss et al also explored PTEN IHC in gastric 
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cancer patients treated with rapalogs, however, only a low percentage of tumors had PTEN 
expression loss and they did not find any association with the response, which may indicate a 
histologic specific role of PTEN in the therapeutic outcome. Further investigations should be 
performed to determine whether miRNA and DNA methylation could influence response to 
mTOR inhibitor therapy.  
 
On the whole, reports from patients with extraordinary sensitivity to rapalogs, in RCC and other 
cancer types, support a link between activating mutations in mTOR pathway and response to 
mTOR inhibitor therapy. However, case reports do not provide with solid information regarding 
the predictive value of the identified markers, and large series of treated patients are required 
to address this question. Recent efforts in large cohorts of RCC patients enriched for clear cell 
histology have found different results for mutations in mTOR pathway (Kwiatkowski et al., 2016; 
Voss et al., 2018a)(Article 3), while PTEN IHC expression results seem more consistent ((Voss et 
al., 2018b); Article 3). Differences in the series of patients, in the NGS techniques used and in the 
filtering and classification of variants could contribute to this variability. Furthermore, 
intratumoral heterogeneity is an intrinsic characteristic affecting mTOR pathway in ccRCC that 
could critically influence the results. Alternative approaches able to detect mutations in 
metastatic sites, such as liquid biopsies, could provide with the critical predictive markers that 
are urgently needed in the clinics to guide the treatment with mTOR inhibitors and the 
personalization of RCC therapies. 
 
 
3. Molecular characterization of chromophobe renal cell carcinoma reveals mTOR pathway 

alterations in patients with poor outcome (Article 4).  

 
mTOR inhibitors approval in RCC was based on a clinical trial comparing interferon alpha versus 
temsirolimus in ccRCC (Hudes et al., 2007). For some patients with poor-risk features, rapalogs 
are still a frontline option, although currently they are mainly used after failure with 
antiangiogenics or immunotherapy. However, it is well-known that a subset of patients can 
experience large benefits from these drugs. The current challenge is that there are no markers 
to identify them before treatment. It is also important to highlight that, despite the scarcity of 
clinical trials with mTOR inhibitor treatment in non-ccRCC, some of them have proposed that 
chRCC was the only histology with a better response derived from rapalog therapy when 
compared to antiangiogenics (Armstrong et al., 2016; Tannir et al., 2016; Voss et al., 2016). These 
evidences support the engagement of clinical trials exclusively for chRCC patients. Indeed, deeper 
molecular knowledge is needed in order to find targetable alterations in metastatic chRCC and 
potential predictive biomarkers for the currently available therapies.  
 
Due to chRCC rarity, molecular studies on large series are limited. Two studies have recently 
broadened our molecular knowledge in this RCC subtype. The first was the TCGA chRCC study, 
that included 66 patients and performed WES, RNA-seq, miRNome, methylome and RPPA studies 
in primary tumors. This study revealed that this tumor has a low mutation burden, with TP53, 
PTEN, TERT promoter and mitochondrial DNA alterations (Davis et al., 2014) as frequent 
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mutational events. The second study was that from Casuscelli et al, and included 79 chRCC 
patients enriched in metastatic cases. Through a targeted NGS panel, they found that TP53 and 
PTEN mutations and imbalanced chromosome duplication (ICD) were a characteristic of 
metastatic chRCC (Casuscelli et al., 2017). Our study, with 92 chRCC patients, enriched in 
metastatic cases and paying special attention to the characterization of mTOR pathway, 
complements these two initial reports, provides with novel prognostic markers of the disease 
and explores potential drug targets.  
 
Regarding the tumor alterations found, we detected a higher percentage of tumors with 
mutations in mTOR pathway (17%) than the other two studies (4% and 10% in TCGA and 
Casuscelli series, respectively). Furthermore, in our series, MTOR, TSC1 or TSC2 mutations were 
associated with worse survival. Importantly, we confirmed these results in TCGA-chRCC data and 
also found in this series that mTOR pathway mutations were associated with metastasis 
development. Regarding the IHC results, positive IHC staining for pS6 was associated with mTOR 
pathway mutations. This concordance suggests that pS6 IHC may serve as a marker to identify 
chRCC tumors with mTOR pathway mutations, however, further validation in independent series 
is needed. Interestingly, mTOR pathway mutations were also associated with PTEN and tuberin 
IHC, indicating non-redundant regulatory mechanisms in the pathway.  
 
Regarding the clinical meaning of mTOR pathway alterations, in addition of having a poor 
prognostic value in this disease, it can be hypothesized that these alterations could also represent 
a therapeutic opportunity for the patients with these chRCC aggressive tumors, as they might 
show an increased sensitivity to mTOR inhibitors. Clinical trials using everolimus/ temsirolimus in 
molecularly characterized chRCC patients should be performed to validate this notion. 
 
ChRCC has two main histologic variants, the classic and the eosinophilic which is characterized by 
granular, eosinophilic cytoplasm. This variant resembles oncocytic renal tumors, a benign kidney 
cancer characterized by cytoplasm full of mitochondria.  Our study also revealed that eosinophilic 
chRCC tumors were enriched in mTOR pathway mutations. Furthermore, mitochondrial DNA 
mutations in the electron transport chain complex I were also found strongly associated with the 
eosinophilic variant. Altogether, these data support that two different pathways involved in 
metabolic rewiring converge on the eosinophilic phenotype. A recent comprehensive study of 
mitochondrial mutations among different cancer types found that chRCC and thyroid tumors 
harbored the highest rate of mitochondrial DNA mutations (Yuan et al., 2020). In our series, we 
found 17% of tumors with mutation in complex I respiratory chain genes, which suggest that 
mitochondria alterations play a role in this malignancy.  
 
PTEN IHC analysis uncovered a high percentage of cases with negative PTEN IHC staining (82%). 
This number is much higher than the percentage of cases with PTEN mutations. This data is in 
agreement with the PTEN-RPPA data from TCGA, in which chRCC is the second tumor type with 
the lowest values for PTEN protein expression. Further studies are needed to determine the role 
of PTEN protein loss in chRCC.  
 



169 
 

 

Because TP53 mutations are driver alterations in chRCC, and they are associated with tumor 
progression, we tested whether p53 IHC may be able to indicate the mutational status of TP53, 
similarly to what has been reported in gynecological tumors where TP53 is also a driver gene 
(Yemelyanova A et al, Mod Pathol, 2011; Kobel M et al, Int Jour Gyn Pathol, 2019). We found that 
missense mutations were significantly associated with an overexpression of p53 protein assessed 
by IHC. These results suggest the use p53 IHC as marker for TP53 mutation type in chRCC, and to 
identify patients with malignant tumors that may require more aggressive surgeries/radiation 
and closer clinical follow-up. 
 
TCGA revealed telomere dysregulation as another landmark of chRCC. We explored mutations in 
TERT promoter and telomere maintenance-related genes (ATRX and DAXX), finding 14% of cases 
with mutations (similar to TCGA with 18% of mutated tumors). These mutations were associated 
with metastasis development, as previously reported.   
 
Finally, in our cohort we found three cases with mutations in FLCN and three in PTEN. Germline 
mutations in these genes are associated with Birg Hogg Dubé and Cowden syndrome, 
respectively, which have been associated with increased risk of chRCC. Although we could not 
confirm if the mutations detected in our series were inherited, due to the lack of germline DNA 
samples, updated clinical data from one patient confirmed Birg Hogg Dubé syndrome. Thus, at 
least one patient with hereditary condition was included in this apparently sporadic chRCC series.  
 
In summary, our study found that mTOR pathway mutations have relevance in the pathogenesis 
of chRCC, conferring poor prognosis to the patients. This novel finding could be relevant also in 
terms of providing with effective therapies for these patients with aggressive tumors, as they 
might be more sensitive to mTOR inhibitors. We also uncovered two additional clinically relevant 
findings: that mutations in mTOR pathway and in the electron transport chain complex I are 
associated with the chRCC eosinophilic variant and that p53 IHC might serve as a surrogate 
marker of TP53 mutational status in chRCC.  
 
4. USP9X as a novel regulator of mTOR inhibitor sensitivity 
 
The currently proposed predictive markers of mTOR inhibitors are genes directly involved in this 

pathway. However, as it has been shown by previous studies, a substantial proportion of 

responder patients do not have mutations in these genes, and the molecular defects leading to 

its increased sensitivity to rapalogs remain unexplained. In this study we propose a novel gene 

associated with the response to mTOR inhibitors.  

 

By following extreme phenotype strategy we compared the WES of three chRCC patients with 

high sensitivity to temsirolimus and identified USP9X was the only common altered gene. 

Mutations in this chromosome X gene are unfrequent in chRCC, as described by TCGA with only 

2 patients of 66 (3%) with mutations in USP9X. To confirm these results, we collected the large 

series of chRCC patients included in Article 3, and found that among 89 chRCC cases 
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representative of different chRCC stages, 3.6% carried missense mutations in USP9X and with all 

tumors having a positive USP9X IHC staining. This later result rules out a possible loss of USP9X 

by gene deletions that could go undetected by our NGS strategy. Furthermore, no correlation 

between the mutations and the prognosis of the patients (in terms of tumor stage and metastasis 

development) could be detected neither in the TCGA nor in our series. These results are in 

contrast with finding USP9X mutations in 3 out of 3 (100%) cases with high sensitivity to 

temsirolimus and support a role of USP9X in the response. 

 

USP9X is an ubiquitous deubiquitinase with a multitask function in the cell, playing a structural 

role in centrosomes, contributing to DNA repair, playing a role in ciliogenesis and being 

associated with endosomal vesicles in lysosomal damage. In cancer it has been described as a 

driver gene mutated at low frequency among multiple tumor types (Bailey MH et al).  Previous 

studies described USP9X as a tumor suppressor in pancreatic ductal adenocarcinoma and 

colorectal tumors (Pérez-Mancera et al., 2012; Khan et al., 2018). 

 

USP9X depletion in HeLa and 786-O cell lines through shRNA and CRISPR/Cas9, together with 

USP9X inhibition through the small molecule inhibitor WP1130 (Kapuria et al., 2010), 

recapitulated the increased sensitivity of the patients to the mTOR inhibitor temsirolimus. 

Interestingly, inhibition of USP9X with WP1130 has been linked to increased sensitivity to some 

drugs, such as doxorubicin, cisplatin or gemcitabine (Liu et al., 2015; Fu et al., 2017; Ma et al., 

2018). The proposed mechanisms behind these effects are diverse and include p53 

downregulation, autophagy inhibition and induction of an oxidative stress bulk. However, it is 

important to highlight that WP1130 is an unspecific inhibitors that also has an effect on USP5, 

USP14 and UCH37. Thus, these other targets could be also playing a role is the previously 

mentioned effects. 

 

To gain additional knowledge regarding the mechanism linking USP9X and mTOR inhibitors, 

western-blot analyses evaluating the activity of mTOR pathway in our USP9X-shRNA HeLa model 

under normal growth conditions, starvation and stimulation were performed. However, they 

revealed no differences in mTOR activity. These results indicate that the increased sensitivity to 

rapalogs observed in cells lacking USP9X, cannot be explained by a direct effect in mTOR pathway 

but rather support synthetic lethality.   

 

To identify potential USP9X substrates that could reveal the mechanism leading to the increased 

sensitivity to rapalogs, we performed a global ubiquitinome assessment in the two different cell 

models we developed, comparing control and USP9X depleted cells. These studies revealed an 

enrichment of ubiquitinated residues in p62 upon USP9X loss. These results are in agreement 
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with previous studies in melanoma cells reporting polyubiquitination of p62 under USP9X 

depletion (Potu et al., 2017).  

 

p62 is a scaffold protein, it binds to ubiquitinated proteins and promotes its polymerization 

through its PB1 and UBA domains, starting the selective autophagy of cargos, sequestering them 

into autophagosome vesicles (Lamark, Svenning and Johansen, 2017; Cabe et al., 2018; Katsuragi, 

Ichimura and Komatsu, 2015). This ability of p62 is widely regulated at several levels. For 

example, binding of p62 to K63-polyubiquitin chains induce p62 to aggregate, and 

postranslational modifications of p62 such as phosphorylation (Lim et al., 2015; Ichimura et al., 

2013; Matsumoto et al., 2011) or ubiquitination (Pan et al., 2016) can modulate its autophagic 

function. Moreover, several ubiquitin ligases targeting p62 have been identified, and the 

deubiquitinase USP8 has been shown to target p62 at Lysine 420, shaping its autophagic activity 

(Peng et al., 2020). In the recent years, p62 aggregates have been linked to membrane-

independent droplets in the cell, made by polymers of p62 and polyubiquitinated proteins, as a 

previous steps for selective autophagy (Sun et al., 2018; Yang et al., 2019; Yang et al., 2020).  

 

Our cellular models show that USP9X depletion leads to increased number and size of p62 foci. 

This may be due to an alteration on the aggresome formation, for which USP9X has already been 

shown to play a role (Kapuria et al., 2010). Moreover, in these cells we found an increased 

number of LC3-dsRed vesicles with higher intensity. Altogether, these data indicate that 

autophagy is impaired in USP9X depleted cells and that p62 foci seems to be the critical 

deregulated step along the autophagy pathway.  

 

Rapalogs activate autophagy pathway as a response to mTORC1 inhibition, to promote catabolic 

metabolism and allow cells to respond and adapt to the stress. p62 is required for selective 

autophagy, degrading ubiquitinated substrates into autophagosomes. How polyubiquitinated 

p62 mediates rapamycin sensitivity in cells lacking USP9X remains unknown, but we show that 

bortezomib, a drug that inhibits ubiquitinated protein degradation by inactivating the 

proteasome, resulted in an increased sensitivity to rapamycin in HeLa and 786-O wild-type cells. 

This data supports the connection between the polyubiquitination and the sensitivity to 

rapamycin. Further research will be needed to uncover the p62 lysine residue that could be 

mediating these effects. 

  

As a summary, we uncovered USP9X mutation as a novel potential marker of response to mTOR 

inhibitors, and propose a mechanism independent of mTORC1 regulation to explain rapalog 

therapy response. This mechanism is mediated by p62, potentially through posttranslational 

modifications of this protein, an emerging field of study.  
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5. Overview of tumor alterations associated with mTOR inhibitors response 
 

RCC is a heterogenous disease composed by different histologic tumor subtypes and 
characterized by distinct molecular alterations. In addition, there is large inter- and intra-tumor 
heterogeneity within RCC subtypes. Within this complex scenario, in the last 15 years different 
targeted drugs (i.e. antiangiogenics, mTOR pathway inhibitors and immune checkpoint inhibitors) 
have been approved to treat metastatic RCC patients. Unfortunately, nowadays, although there 
are guidelines to indicate treatments for metastatic ccRCC and non-ccRCC disease, these do not 
follow a molecular rationale, and for every of these drug types only a fraction of patients respond. 
Thus, there is an urgent need to find biomarkers that could help personalizing RCC therapy. 

 
In this Thesis, we provided with novel data supporting mTOR pathway mutations as 

response markers of mTOR inhibitor therapy. We also uncover the relevance of these mutations 
in chRCC, as markers of patients with poor survival, which might benefit from mTOR inhibitors 
therapy. In addition, we proposed USP9X as a novel potential predictive marker of rapalog 
response. Specifically, Article 1 and 2 are case reports from patients with extraordinary sensitivity 
to mTOR inhibitors, in which, after an in-depth molecular characterization, support that early 
mTOR pathway mutations in RCC could serve as potential markers of response. In Article 3 we 
evaluated the predictive value of mTOR pathway mutations and PTEN IHC in large series of 
metastatic RCC patients, finding that they both were associated with rapalog response. However, 
the incomplete correlation between the alterations and the treatment response, suggest that 
intratumor heterogeneity could be an important confounder for the development of predictive 
markers of response for mTOR inhibitors. In Article 4, by exploring the importance of mTOR 
pathway mutations in chRCC development, we found that a substantial number of chRCC cases 
carried these mutations and that they were associated with aggressive tumors. In Article 5, we 
identified USP9X as a novel gene associated with mTOR inhibitor response and confirmed this 
association using different cellular models that recapitulated in vitro the rapalog sensitivity 
observed in patients. A global ubiquitinome approach was used to find USP9X substrates and 
served to identify p62 as a key protein that may be mediating the increased sensitivity to 
rapalogs.  

 
In conclusion, along this Thesis we provide with novel knowledge that has the potential 

to benefit RCC patients with metastatic disease, by identifying those that may derive a large 
benefit from mTOR inhibitors. However, future clinical studies will be needed before bringing the 
proposed markers to the clinic. 
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Figure 4. Knowledge derived from this Thesis regarding mTOR inhibitor treatment in Renal Cell Carcinoma. 
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CONCLUSIONS 
 

1 Mutations in critical components of mTOR pathway, able to activate this signaling cascade and 

acquired early during RCC evolution, confer high sensitivity to inhibitors of this pathway, 
explaining cases with extraordinary responses. This type of mutations can be detected by 
sequencing multiple regions of the primary tumor and can be confirmed through sequencing in 
metastatic lesions.  
 

2 Variants of unknown significance in MTOR, TSC1 and TSC2 need to be evaluated through 

functional assays in order to unequivocally classify their consequence. However, 
immunohistochemical determinations in tumors, specifically phospho-S6 staining, and variant-
related information obtained in genomic and disease specific databases, can aid in this variant 
classification process. 
 

3  Next Generation Sequencing in a large cohort of RCC patients treated with mTOR inhibitors 

revealed that somatic mutations in MTOR, TSC1 and TSC2, as well as negative 
immunohistochemistry staining of PTEN, were associated with better response to mTOR inhibitor 
treatment (P=0.038 and P=0.029, respectively). However, there was an incomplete 
correspondence between these features and rapalog response, which may be explained by 
intratumor heterogeneity or additional genes still unidentified. 
 

4 mTOR pathway mutations and negative IHC staining of PTEN are not mutually exclusive events 

and the combination of these two factors improve the association with rapalog response. 
 

5 The molecular characterization of a large series of chRCC cases by NGS and IHC revealed that a 

relevant subset of tumors (17%) carried mutations in MTOR, TSC1 or TSC2, that these mutations 
were associated with positive IHC staining of phospho-S6 and PTEN, and that they conferred 
worse disease specific survival to the patients. This suggests that chRCC cases carrying these 
mutations may benefit from mTOR inhibitors, highlighting the need of performing chRCC-specific 
clinical trials able to evaluate the impact of these mutations in treatment response. 
 

6 Alterations in TP53, PTEN, telomere-maintenance genes and the mitochondrial electron 

transport chain complex I genes, were confirmed as characteristic of chRCC. Furthermore, TP53 
mutations were associated with metastasis development, and p53 IHC revealed a correlation 
with the mutation type. These results suggest that, due to the cost-effectiveness and easy access 
to IHC in the clinics, p53 staining could be applied to identify chRCC patients with aggressive 
features.  
 

7 Mutations in MTOR, TSC1, and TSC2 and in the electron transport chain complex I genes were 

associated with the chRCC eosinophilic variant, shedding light into the potential mechanisms 
behind the aberrant mitochondrial accumulation. 
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8 USP9X was identified as the only somatically mutated gene shared between three chRCC 

patients with high sensitivity to temsirolimus treatment. The low USP9X mutation frequency in 
unselected chRCC cases, together with the decreased cell viability upon rapamycin treatment in 
in vitro cell models with USP9X depletion, revealed USP9X as a potential novel marker of response 
for rapalog therapy. 
 

9 The significant enrichment in p62 ubiquitinated lysine residues in USP9X depleted cells 

together with p62 immunofluorescence and LC3 autophagy assays, uncovered that USP9X loss 
results in autophagy dysregulation. We propose a crosstalk between mTOR-induced autophagy 
and the dysregulated autophagy caused by USP9X loss. This mTORC1-independent rapalog 
sensitization mechanism guarantee further research to explore synergistic interactions between 
compounds targeting USP9X with rapalog treatments.  
 
10 Our genetic analyses in RCC aimed at the discovery of mTOR pathway response markers, 
support an impact of NGS in the advancement of precision medicine. However, our results also 
stress the need of performing validation studies in large cohorts of patients as a critical step in 
the path to determine the clinical utility of potential predictive markers. In this regard, to 
establish the clinical value of mTOR pathway and USP9X mutations, together with PTEN IHC, as 
markers of mTOR inhibitors response, further comprehensive research studies are required. 
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CONCLUSIONES 

 

1 Mutaciones en componentes clave de la ruta de mTOR, capaces de activar esta cascada de 

señalización y adquiridas al inicio del desarrollo del carcinoma de células renales (CCR), confieren 
una alta sensibilidad a los inhibidores de esta ruta, explicando así pacientes con respuestas 
extraordinarias. Este tipo de mutaciones pueden ser detectadas mediante secuenciación de 
múltiples regiones del tumor primario y pueden ser confirmadas mediante secuenciación de las 
lesiones metastásicas.  
 

2 Las variantes de significado desconocido en MTOR, TSC1 y TSC2 necesitan ser evaluadas 

mediante ensayos funcionales para clasificar su efecto de manera inequívoca. Sin embargo, 
estudios inmunohistoquímicos (IHQ) en el tumor, específicamente la tinción de fosfo-S6, así 
como la información relacionada con la variante obtenida en bases de datos genómicas y 
específicas de enfermedades, pueden ayudar en este proceso de clasificación de variantes.  
 

3 La secuenciación masiva de una amplia serie de pacientes con CCR tratados con inhibidores de 

mTOR demostró que mutaciones somáticas en MTOR, TSC1 y TSC2, así como la tinción IHQ 
negativa de PTEN, se asociaron con mejor respuesta a terapia con inhibidores de mTOR (P=0.038 
y P=0.029, respectivamente). Sin embargo, la correspondencia entre estas características y la 
respuesta al tratamiento fue incompleta, lo que podría ser explicado por heterogeneidad 
intratumoral.  
 

4 Las mutaciones en la ruta de mTOR y la tinción negativa de PTEN no son eventos mutuamente 

excluyentes, y la combinación de estos dos factores mejora la asociación con la respuesta a 
inhibidores de mTOR.  
 

5 La caracterización molecular de una amplia serie de pacientes de CCR cromófobo (CCRCh) 

mediante secuenciación masiva e IHQ reveló que un subgrupo relevante de pacientes (17%) 
presentaban mutaciones en MTOR, TSC1 o TSC2¸ que estas mutaciones se asociaron con la IHQ 
positiva de fosfo-S6 y PTEN y que conferían una peor supervivencia a los pacientes. Esto sugiere 
que los casos de CCRCh portadores de estas mutaciones podrían beneficiarse del tratamiento 
con inhibidores de mTOR, resaltando la necesidad de ensayos clínicos específicos de CCRCh 
capaces de evaluar el impacto de estas mutaciones en la respuesta al tratamiento.  
 

6 Las alteraciones en TP53, PTEN, genes de mantenimiento telomérico y genes del complejo I de 

la cadena de transporte de electrones mitocondrial fueron confirmadas como características del 
CCRCh. Además, las mutaciones en TP53 se asociaron con el desarrollo de metástasis y la tinción 
de p53 reveló una correlación con el tipo de mutación. Estos resultados sugieren que, debido al 
coste-efectividad de la IHQ y su fácil acceso en clínica, la tinción de p53 podría ser aplicada para 
identificar pacientes con características agresivas.  
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7 Las mutaciones en MTOR, TSC1 y TSC2 y en los genes del complejo I de la cadena de transporte 

de electrones se asociaron con la variante eosinófila del CCRCh, lo que aporta nuevos datos sobre 
los potenciales mecanismos subyacentes a la acumulación aberrante de mitocondrias en este 
tumor. 
 

8  USP9X fue identificado como el único gen con mutaciones somáticas que estaba compartido 

entre tres pacientes con RCC cromófobo y alta sensibilidad a temsirolimus. La baja frecuencia de 
mutaciones en USP9X en casos RCC cromófobos no seleccionados, junto con la disminución de la 
viabilidad celular tras el tratamiento con rapamicina en modelos celulares in vitro con depleción 
de USP9X, señalan a USP9X como un potencial nuevo marcador de respuesta a los inhibidores de 
mTOR.  
 

9 El enriquecimiento significativo en residuos de lisina ubiquitinados de p62 en células con 

depleción de USP9X, junto con la inmunofluorescencia de p62 y ensayos de autofagia, revelaron 
que la pérdida de USP9X conlleva una desregulación de la autofagia. Proponemos una 
interferencia entre la autofagia inducida por la inhibición de mTOR y la desregulación en la 
autofagia causada por la pérdida de USP9X. Este mecanismo de sensibilidad a rapamicina 
independiente del Complejo 1 de MTOR, podría explotarse en futuras investigaciones que 
exploren sinergias entre compuestos inhibidores de USP9X y compuestos derivados de la 
rapamicina.    

 
10 Nuestros estudios sobre la alteración de la ruta de mTOR en el CCR apoyan el papel de la 

secuenciación masiva en el avance de la medicina de precisión en cáncer y en la toma de 
decisiones médicas. Sin embargo, nuestros resultados también recalcan la necesidad de realizar 
estudios de validación en series amplias de pacientes como un paso crítico para determinar la 
utilidad clínica de los potenciales marcadores predictivos. En este sentido, se requieren más 
estudios centrados en establecer el valor clínico de las mutaciones en la ruta de mTOR y en 
USP9X, junto con la IHQ de PTEN, como marcadores de respuesta a los inhibidores de mTOR.  
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